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The Gram-negative bacterium Bordetella pertussis causes whooping cough
(pertussis), asevere respiratory disease, especially in young children, which

isresurgent despite high vaccine coverage. The current acellular pertussis
vaccine prevents severe disease but does not prevent nasal infection with

B. pertussis. This parenterally delivered vaccine induces potent circulating
antibody responses but limited respiratory tissue-resident memory T cells and
IgA responses. Here we developed a vaccine approach based onrespiratory
delivery of antibiotic-inactivated B. pertussis (AIBP). Ciprofloxacin-treated

B. pertussis potently activated antigen-presenting cells todrive T cell
responses. AIBP immunization viaaerosol or intranasal administration
conferred a high level of protection against lung and nasal infection. The

AIBP vaccine induced B. pertussis-specific interleukin (IL)-17-producing CD4
tissue-resident memory T cells that recruited neutrophils to the respiratory
tract. Protection was abrogated by depletion of CD4 T cells or neutralization
of IL-17 inmice. Unlike a parenterally delivered whole-cell pertussis vaccine,
whichinduced high levels of serumIL-1B, IL-6, tumour necrosis factor and
C-reactive protein, aerosolimmunization with the AIBP vaccine did not
promote systemic pro-inflammatory responses. We present preclinical
evidence of asafe and effective respiratory-delivered vaccine platform for
inducing T cell-mediated sterilizing immunity against a respiratory pathogen.

Certain vaccine-preventable infectious diseases are still poorly con-
trolled, in part because parenterally delivered vaccines fail to induce
protectiveimmunity at mucosal surfaces, the primary site of infection
with many pathogens. However, intranasal delivery of vaccines can
induce localimmunity in the respiratory tract’. Intranasal live attenu-
ated vaccines have been licensed for influenza virus®and tested in phase
2 clinical trials against Bordetella pertussis’. However, attenuated vac-
cines carry risks associated with infection and colonization with live

microorganisms, especially inimmunocompromised individuals, and
may also modulateimmune responsesin the nose early in life through
alterations to the nasal microbiota®. Intranasally delivered protein
subunit vaccinesrequire potent mucosal adjuvants, which can be asso-
ciated with adverse reactions’.

We have developed an alternative vaccine platform, based on
antibiotic-inactivated bacteria, specifically designed for delivery
by respiratory routes. Our aim was to apply this platform in the
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design and testing of a new vaccine against B. pertussis, where there
is an unmet medical need for an improved vaccine®. There is also
awell-established murine model for B. pertussis respiratory infection
inwhich vaccine-induced protection correlates with vaccine efficacy
in humans’. The Gram-negative bacterium B. pertussis infects the
upper and lower respiratory tracts causing whooping cough, which
is associated with considerable morbidity in children and adults
and can be fatal in infants®. Whole-cell pertussis (WP) vaccines intro-
duced in the 1940s substantially reduced the incidence of pertussis’,
but were associated with serious systemic reactions, including
febrile seizures'. Concerns about their side effects led to the devel-
opment of acellular pertussis (aP) vaccines, based on two to five
purified B. pertussis antigens, pertussis toxin (PT), filamentous haemag-
glutinin (FHA), pertactin and fimbrial proteins 2 and 3 (refs. 11,12).
However, since the introduction of the aP vaccines, there has been
anincrease in the incidence of pertussis during the past decades™",
with very recent epidemics in many industrialized countries™*¢.

Although current aP vaccines induce potent serum antibody
responses, immunity wanes rapidly after immunization”. Further-
more, studies in animal models have shown that aP vaccines do not
prevent nasal colonization and transmission of B. pertussis'®", which
is consistent with asymptomatic transmission of B. pertussis in fully
vaccinated humans®. This has been linked with a failure of the aP vac-
cinestoinducelocalantibodies or T cellsin the respiratory tract'>*. We
have reported that interleukin (IL)-17-producing CD4 tissue-resident
memory (Tg,,) cellshave acritical rolein nasal clearance of B. pertussisin
amurine model”. Moreover, protection of mice against lung infection
is mediated by T helper 1 (T,1) and T helper 17 (T,17) cells* and
antibodies?. However, while current parenterally delivered alum-
adjuvanted aP vaccines induce potent circulating serum IgG anti-
bodies and T,;2-biased responses, they do not induce IgA and are less
effective at generating T1, T,17 or respiratory Ty cells in mice,
baboons or humans'***#-%,

Here we have examined the potential of intranasally delivered
ciprofloxacin-inactivated bacteria as a mucosal vaccine against
B. pertussis. We show that immunization of mice by aerosol or
intranasal administration of an antibiotic-inactivated B. pertussis
(AIBP) vaccine induced B. pertussis-specific T,]1- and T,,17-type CD4
Tru cells and IgA in the respiratory tissue and protected mice against
lung and nasal infection with B. pertussis. Our findings provide
evidence that antibiotic-treated bacteria may be an effective vaccine
platform for intranasal immunization against respiratory pathogens
inhumans.

Results

Preparation and characterization of the AIBP vaccine
Ciprofloxacin is abroad-spectrum antibiotic that inhibits bacterial
DNA synthesis by rapidly inhibiting the activity of DNA gyrase or DNA
topoisomerase 1V, thus disrupting DNA replication and repair pro-
cesses”. We found that ciprofloxacin at 0.1 mg ml™, 0.25 mg ml™ or
0.5 mg ml” completely inactivated B. pertussis at 6 x 10’ colony forming
units (CFU) ml™after 2-4 h (Fig. 1a). The ciprofloxacin-treated bacteria
had intact membrane morphology, and a proportion were elon-
gated but not lysed (Extended Data Fig. 1a). Treatment of B. pertussis
with levofloxacin, another fluoroquinolone antibiotic, had a similar
effect on bacterial morphology (Extended Data Fig. 1b). By contrast,
B. pertussis treated with the beta-lactam antibiotic chloramphenicol
had lost their membrane structure, consistent with lysis of the bacteria
(Extended Data Fig. 1b).

We prepared the AIBP vaccine by treating B. pertussis from an
overnight liquid culture (6 x 107 CFU ml™) with ciprofloxacin at
0.25mg ml™ for 3 h, followed by 2 washes in 1% casein solution.
Inactivation of the bacteria was confirmed by lack of growth on Bordet-
Gengou (BG) agar for 3-5 days. Furthermore, no live B. pertussis
could be detected in the lungs or nose 24 h and 72 h after aerosol

delivery of the AIBP vaccine to mice, showing that AIBP does not colo-
nize the respiratory tract, whereas significant CFU were detected in
mice given an aerosol of live B. pertussis (Fig. 1b).

We assessed the potential safety of the AIBP vaccine. Aerosol
administration of the AIBP vaccine did not significantly increase
inflammatory cytokine concentrations in the serum over those
detected in mice immunized with phosphate buffered saline (PBS
(Fig. 1c). By contrast, immunization of mice with the wP vaccine led
to significant increases in the concentrations of IL-1f and tumour
necrosis factor (TNF) in serum of miceat4 hand IL-6 at4 hand 24 h
(Fig. 1c). Furthermore, immunization with the wP vaccine resulted
in significantly elevated concentrations of C-reactive protein (CRP)
in the serum, whereas serum CRP concentrations were not signifi-
cantly increased in mice immunized with the AIBP vaccine (Fig. 1d).
We also showed that the number of neutrophils in the spleen was
notenhanced 24 h or 48 h afterimmunization with the AIBP vaccine,
whereas neutrophils were significantly elevated 24 h and 48 h after
immunization with the wP vaccine (Fig. 1e). Furthermore, the number
of T cells in the spleen was not enhanced 24 h or 48 h after immuni-
zation with the AIBP vaccine (Extended Data Fig. 2a). PT is a major
contributor to pertussis disease. We detected high concentrations
of PT in the lungs of mice following aerosol administration of live
B. pertussis,butnot following aerosol administration of the AIBP vaccine
(Fig.1f). Toaddress the longer-term safety of the vaccine, we examined
body weight changes and showed that mice immunized with the AIBP
vaccine gained weight to the same extent as mice immunized with
PBS (Extended Data Fig. 2b). These findings show that unlike the wP
vaccine, the AIBP vaccine does not have any features associated with
potential toxicity in humans.

The AIBP vaccine activates antigen-presenting cells

Dendritic cells (DCs) have a central role in priming naive T cells. We
assessed the effect of the AIBP vaccine on DC maturation. The AIBP
vaccine enhanced expression of major histocompatibility complex
class Il (MHCII), CD40 and CD80 on bone marrow-derived DCs, and
this was significantly greater than that induced with the wP vaccine
(Fig.2a). The AIBP vaccine promoted production of the T cell-polarizing
cytokinesIL-1B, IL-12p70 and IL-23, which was significantly greater than
thatinduced with the wP vaccine (Fig. 2b). We next assessed produc-
tion of T cell-polarizing cytokines in vivo at the site of immunization.
Aerosolimmunization with the AIBP vaccine significantly enhanced the
concentrations of IL-18 and IL-23 in the lungs 4 h after administration
(Fig.2c), similar to or greater thanthatinduced by parenteralimmuniza-
tion withthe wP vaccine (Fig. 2c). Aerosol delivery of the AIBP vaccine,
but notthe wP vaccine, induced significant IL-6 productionin the nasal
tissue 4 h after administration (Supplementary Fig. 1). These findings
show that aerosol delivery of the AIBP vaccine induces production of
T,1-and T, 17-polarizing cytokines at the site of immunization in the
respiratory tract, but not inflammatory cytokines in the circulation,
which can cause side effects.

Finally, we assessed the ability of the AIBP vaccine to stimulate B.
pertussis-specific T cell responses in vitro. B. pertussis-specific CD4
T cells enriched from spleens of convalescent mice, with residual
antigen-presenting cells (APCs), secreted IL-17 when cultured with
AIBP, and this was significantly greater than observed following culture
with the wP vaccine (Fig.2d). We also compared the AIBP vaccine with
heat-killed B. pertussis (HKBP) over arange of antigen concentrations.
B. pertussis-specific CD4 T cells, purified from spleens of convales-
cent mice, secreted IL-17 and interferon-y (IFNy) when cultured with
AIBP in the presence of APCs (irradiated spleen cells), and this was
significantly greater than that induced with HKBP, especially at low
antigen concentrations (Extended Data Fig. 3). Collectively, our find-
ings show that the AIBP vaccine induces DC maturation and produc-
tion of T cell-polarizing cytokines and activates APC to drive T,;1 and
Ty17 responses.
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Fig.1| Preparation, characterization and safety of the AIBP vaccine.

a, Survival of B. pertussis cultured in S&S medium at a starting concentration of

6 %10’ CFU ml™ with 0.1-0.5 mg ml™ of ciprofloxacin or medium only; live bacteria
were quantified by performing CFU counts on BG agar platesat2h,4 hand 6 h.
Data are the mean + s.d. of biological replicates (n = 3). b, Female 6-8-week-old
C57BL/6 mice were exposed to an aerosol of live B. pertussis or AIBP vaccine, and
CFUwere assessed inlungs and nasal tissue after 2 h,24 hand 72 h. Data are the
mean +s.d. of biological replicates (n = 3 for each time point). c-e, Female 6-8-week-
old C57BL/6 mice were immunized by aerosol administration of the AIBP vaccine
(equivalent toa culture of 1 x 10° CFU ml™) or were immunized intramuscularly

with awP vaccine (1/50 human dose), and the concentrations of TNF, IL-1f and

IL-6 were quantified in serum after 4 h and 24 h (n = 4 for each time point) (c), the
concentration of CRP was quantified in serum after 48 h (n = 5) (d) and the number
of neutrophilsin the spleen was quantified by flow cytometry after24 hand 48 h
(n=>5foreach time point) (e).f, Female 6-8-week-old C57BL/6 mice were exposed
toan aerosol of live B. pertussis or AIBP vaccine, and after 24 h, the concentration
of PT was quantified in the lung by ELISA (n = 5). Datain c-fare presented asthe
mean * s.e.m. of biological replicates (n=4 or 5) shown as individual symbols.
Datawere analysed by two-way ANOVA followed by Tukey’s test for multiple
comparisons. Pvalues are shown above data compared.

Aerosol AIBP vaccine potently induces respiratory Ty, cells
and confers sterilizing immunity in the lungs and nasal tract
Wehavereported thatinduction of local T cell responsesin the respira-
tory tract is key to protective immunity against B. pertussis™; there-
fore, we first examined the ability of AIBP vaccines, prepared with
B. pertussistreated with ciprofloxacin or levofloxacin, compared with
chloramphenicol, to induce respiratory Ty, cells. We also compared
the immunogenicity of bacteria treated with ciprofloxacin for 3h or
24 h. Aerosol immunization of mice with B. pertussis inactivated with
ciprofloxacin (3 hor 24 h) or levofloxacin resulted in expansion of CD4
Tcellsand CD4 Ty, cellsinthe lungs and nasal tissue of immunized mice
(Extended DataFig.4a-d). By contrast, the number of CD4 T cellsand
CD4 Ty, cells in mice immunized with chloramphenicol-inactivated
B. pertussis was at background levels, like that observed in mice
immunized with PBS (Extended Data Fig. 4a-d). Furthermore, aerosol
immunization of mice with fluoroquinolone antibiotics generated B.
pertussis-specific CD4 Tyy cellsinthe lungs thatsecreted IFNyand IL-17,
whereasimmunization with chloramphenicol-inactivated B. pertussis
did notinduce B. pertussis-specific Tgy, cells (Extended Data Fig. 4€,f).

TheT cellresponses were not significantly different in mice immunized
with B. pertussistreated with ciprofloxacin for 3 hcompared with24 h
(Extended Data Fig. 4a-f).

We next examined the immunogenicity and protective efficacy
of aerosol-delivered AIBP vaccine, compared with a current licensed
parenterally delivered aP vaccine. CD4 Ty, cells were detected in the
lungs and nasal tissue after a single aerosol immunization with the
AIBP vaccine, and this was significantly enhanced following abooster
immunization (Fig. 3a). By contrast, respiratory CD4 Ty, cells were
not enhanced in mice immunized with the aP vaccines. Furthermore,
B. pertussis-specific IL-17- and IFNy-producing CD4 T, cells were
induced in lung and nasal tissues of mice immunized with the AIBP
vaccine, but not with the aP vaccine (Fig. 3b). These responses were
strongest after two immunizations with the AIBP vaccine. Represen-
tative flow cytometry plots are shown in Extended Data Fig. 5a-d.

Immunization of mice with two doses of AIBP vaccine induced
potent FHA-specific IgA in the nasal tissue, whereas the aP vaccine
failed to induce FHA-specific IgA (Fig. 3c). Two doses of AIBP or aP
vaccineinduced FHA-specificlgGl and IgG2cin the serum. By contrast,
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Fig. 2| The AIBP vaccine promotes DC maturation and production of T,;1- and
Ty17-polarizing cytokines. a,b, Bone marrow-derived DCs were stimulated

for 24 h with AIBP or wP vaccine (bacterium-to-cell ratio of 10:1) or medium
(Med.). a, Surface expression of MHCII, CD40 and CD80 was evaluated using

flow cytometric analysis gated on live single cells. Results are expressed as mean
fluorescence intensity (MFI) and show individual values for four biological
replicates. b, Concentrations of IL-1B, IL-12p70 and IL-23 in supernatants were
quantified by ELISA (n =3). ¢, Groups of eight female 6-8-week-old C57BL/6 mice
were immunized by exposure to an aerosol of the AIBP vaccine or intramuscularly

Time post-immunization (h)

withawP vaccine or PBS. After 4 hand 24 h, concentrations of IL-1B and IL-23 in
lung homogenates were quantified by ELISA.d, CD4 T cells enriched from the
spleen of B. pertussis convalescent mice were cultured with AIBP or wP vaccines
at concentrations equivalent to 10 bacteria to one DC, and after 3 days, IL-17 was
quantified in supernatants by ELISA. Data are presented as the mean + s.e.m. of
four biological replicates shown as individual symbols. Data were analysed by
one-way ANOVA followed by Tukey’s test for multiple comparisons. Pvalues are
shown above relevant datasets.

FHA-specific antibodies were undetectable after a single dose of the
AIBP vaccine (Fig. 3c).

Mice immunized with 2 doses of the AIBP vaccine completely
cleared bacteria from the lungs 14 days after the live B. pertussis chal-
lenge (Fig. 3d). A single immunization with the AIBP vaccine con-
ferred similar protection against B. pertussis infection of the lung to
two immunizations with an aP vaccine (Fig. 3d). A single dose of
the AIBP vaccine also conferred a high level of protection against infec-
tion of the nose, and mice that received two doses had completely
clearedtheinfectionfromthe nose 14 days after the challenge (Fig. 3d).
By contrast, immunization with the aP vaccine did not protect against
nasal infection with B. pertussis.

We also assessed intranasal (i.n.) delivery of the AIBP vaccine
by dropping it onto the nose of mice and found that doses equiva-
lent to 3 x10° CFU, 3 x 10° CFU or 3 x 10’ CFU conferred high levels
of protection against lung and nasal infection with B. pertussis,
with the most complete protection achieved with the highest dose
(Extended DataFig. 6).

Collectively, our data show that the AIBP vaccine delivered by
the aerosol or i.n. route confers protective immunity against lung
and nasal infection, even after a single dose, and this is associated
with the induction of potent T cell and antibody responses in the
respiratory tract.

Finally, we assessed the durability of immunity induced with the
AIBPvaccine.CD4 Ty, cells werestill elevated in lung and nasal tissues of
mice 7 days after the B. pertussis challenge of mice immunized 6 months
earlier with the AIBP vaccine, and the numbers were significantly
greater than in mice immunized with PBS (Extended Data Fig. 7a,b).
Furthermore, substantial numbers of B. pertussis-specific IL-17- and
IFNy-producing CD4 Ty, cells were detectable in lung and nasal
tissues. Lower numbers of IL-5-secreting CD4 Ty, cells were detected
in the lungs, and very low numbers were detected in the nasal
tissue (Extended Data Fig. 7c,d). The B. pertussis challenge of mice
6 months post-immunization showed a high level of protection against
infection of the lungs and nose, with complete bacterial clearance
by day 21 (Extended Data Fig. 7e). These findings show that the AIBP
vaccine confers durable immunity against B. pertussis.

Efficacy of the AIBP vaccine not affected by priming with

anaP vaccine

Existing aP vaccines promote B. pertussis-specific T,,2, but donot gener-
atestrong T, 1or T,;,17 responses in mice or humans®?. Immunization
with the aP vaccine can also suppress the induction of CD4 Ty, cells
and thereby bacterial clearance after the B. pertussis challenge. Here
we assessed theinduction of T cell subtypes and protective efficacy of
two doses of the AIBP vaccine in mice previouslyimmunized with two
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doses of an aP vaccine (Fig. 4a). The number of CD4 Ty, cells in the
respiratory tract was at background levels in mice immunized with the
aP vaccine (Fig. 4b). By contrast, there was significant accumulation
of CD4 Ty cells in the lungs and nasal tissue of mice immunized with
the AIBP, and this was not significantly different in mice immunized
with the aP vaccine and boosted with the AIBP vaccine. The aP vaccine
failed to generate B. pertussis-specific CD4 Ty cellsin respiratory tissue
(Fig.4c). By contrast, IL-17- and/or IFNy-secreting B. pertussis-specific
CD4 Ty, cells were substantially augmented in the lungs and nasal
tissue of mice immunized with the AIBP vaccine and these responses
were notsignificantly differentin mice immunized with the aP vaccine
and boosted with the AIBP vaccine (Fig. 4¢).

Immunization with the AIBP vaccine induced nasal IgA, and this
response was not affected by previous immunization with the aP vac-
cine (Fig.4d). Two doses of the aP vaccine induced B. pertussis-specific
IgGlinthe serum, and this was not enhanced by boosting with the AIBP
vaccine (Fig. 4d). Substantial concentrations of B. pertussis-specific
IgG2c were induced with two doses of the AIBP vaccine. By contrast,
IgG2cresponses were close to the background in miceimmunized with
two doses of the aP vaccine (Fig. 4d). However, IgG2c was induced in
mice primed with two doses of the aP vaccine and boosted with the AIBP.

Consistent with the data in Fig. 3, two immunizations with the
AIBP vaccine conferred a high level of protection against lung and
nasal infection with B. pertussis and this was similar to that observed
inmiceimmunized with two doses of the aP vaccine and boosted with
two doses of the AIBP vaccine (Fig. 4e). By contrast, immunization with
two doses of the aP vaccine alone conferred only modest protectionin
the lungs, but notinthe nose.

We also assessed the effect of previous immunization with two
doses of an aP vaccine on the immune responses and protective
efficacy of a single dose of the AIBP vaccine. A single dose of the
AIBP vaccine induced CD4 Ty, cells and IL-17- and/or IFNy-secreting
B. pertussis-specific CD4 Ty, cells, and this was not significantly dif-
ferent in mice that had previously been immunized with two doses of
the aP vaccine (Extended Data Fig. 8a,b). Furthermore, boosting with
a single dose of the AIBP vaccine enhanced protection induced with
the aP vaccine in the lungs (Extended Data Fig. 8c), whereas the
protection against nasal infection induced with a single dose of the
AIBP vaccine was similar in mice previously immunized (twice) with
the aP vaccine versus PBS (Extended Data Fig. 8c).

Our findings show that previous immunization of mice with
two doses of the aP vaccine, which is known to selectively induce T,2
responses’, does not compromise the ability of one or two doses of the
AIBP vaccine toinduce CD4 Ty, cells and B. pertussis-specific IL-17-and
IFNy-secreting CD4 Ty, cells or to protect against lung or nasal infec-
tion with B. pertussis.

The AIBP vaccine induces stronger Ty, responses and confers
superior protection against nasal infection than a wP vaccine
Good-quality wP vaccines are the gold standard for pertussis
vaccine efficacy, whereas immunity generated by previousinfectionis

effective and long lived****°. Here we compared the AIBP vaccine
with previous infection or immunization with the wP vaccine given
by the conventional intramuscular (i.m.) route. CD4 Ty cells accu-
mulated in the lungs and nasal tissue of mice immunized with the
AIBP vaccine, and this was significantly stronger than thatinduced
by immunization with the wP vaccine (Extended Data Fig. 9a). IL-17-
or IFNy-secreting B. pertussis-specific CD4 Ty, cells were signifi-
cantly higher in the lungs of mice immunized with the AIBP vaccine
than in the lungs of mice immunized with the wP vaccine or previ-
ously infected (Extended Data Fig. 9b). Furthermore, IFNy-secreting
B. pertussis-specific CD4 Ty, cells were significantly higher in the
nasal tissue of mice immunized with the AIBP vaccine than in the
nasal tissue of mice immunized with the wP vaccine (Extended
DataFig. 9b).

Assessment of systemic B. pertussis-specific T cell responses
revealed that lymph node and spleen cells from mice immunized
with two doses of the AIBP vaccine produced substantial quanti-
ties of B. pertussis-specific IL-17 and IFNy. The IL-17 production was
similar to that induced by previous infection and significantly
greater than that induced by two doses of the wP vaccine (Supple-
mentary Fig. 2).

The AIBP vaccine and previous infection induced B. pertussis-
specific IgA in the nasal mucosa, whereas the wP vaccine failed to
induce IgA (Extended Data Fig. 9c). However, i.m.immunization with
the wP vaccine generated higher concentrations of B. pertussis-
specific serum IgGl and IgG2c than immunization with the aerosol-
delivered AIBP vaccine or previous infection (Extended Data Fig. 9c¢).

The AIBP vaccine, the wP vaccine and previous infection all con-
ferred complete protection against B. pertussis infection of the lungs
(Extended Data Fig. 9d). However, the best protection against nasal
infection was observed with the aerosol-delivered AIBP vaccine.
AIBP-immunized mice and previously infected mice had completely
cleared the infection from the nose by day 14 and 21, respectively,
whereas bacteria were still detectable in the nose 14 days and 21 days
after thelive B. pertussis challenge of mice intramuscularly immunized
with the wP vaccine (Extended Data Fig. 9d).

Collectively, our findings show that while the AIBPinduced weaker
serumIgG responses, it generated more potentIgA, systemic Tl and
T,17 responses, and IL-17- and IFNy-secreting CD4 Ty, cells. Impor-
tantly, the aerosol-delivered AIBP vaccine conferred greater protection
againstinfection ofthe nose thanthe parenterally delivered wP vaccine
or previous infection.

As the respiratory route of immunization may have contributed
tothe superior efficacy of the AIBP vaccine, we examined the immuno-
genicity and protective efficacy of the AIBP vaccine compared with
those of the wP or aP vaccines, when all vaccines were delivered by
thei.n. route. Intranasal immunization with AIBP induced CD4 Ty,
cells in the lungs and nasal tissue (Fig. 5a). By contrast, respiratory
CD4 Tgy was at background levels in mice immunized with the wP
or aP vaccine by the i.n. route. Furthermore, B. pertussis-specific
IL-17- and IFNy-producing CD4 Ty, cells were induced in lung and

Fig. 3| Aerosol-delivered AIBP vaccine induces respiratory Tyland T,17 Ty,
cells and confers protection against B. pertussis infection of the lungs and
nasal cavity. Female 6-8-week-old C57BL/6 mice were immunized by aerosol
administration of the AIBP vaccine (once or twice at 0 week and 4 weeks), an
aP vaccine (i.m., twice, 0 week and 4 weeks; 1/50 human dose) or PBS. The mice
were aerosol challenged from a culture at 1x 10° CFU miI™ of live B. pertussis at
week 6. On the day of but before the challenge with live B. pertussis, mice were
injected intravenously with anti-CD45 antibody 10 min before euthanasia (to
identify tissue-resident cells), and lung or nasal tissue cells were stained with
antibodies specific for Ty, cells, or cells were stimulated with HKBP, anti-CD28
and anti-CD49d (both 1 ug ml™) for 16 h, followed by Brefeldin A (5 pg ml™)

for the final 4 h of culture before intracellular cytokine staining (ICS) and flow
cytometric analysis. a, Mean absolute number of CD4 Ty, cells (CD45iv- CD4*CD

44*CD62L"CD69°CD103*") quantified in lung and nasal tissue by flow cytometric
analysis. Data are mean + s.e.m. (n = 5). b, Number of B. pertussis-specific IFNy- or
IL-17-secreting CD45iv"CD4 Ty cellsin lung and nasal tissues determined using
ICS and flow cytometry. Datainaand b are presented as the mean + s.e.m. of
biological replicates shown as individual symbols (n = 5). ¢, Before the B. pertussis
challenge, concentrations of FHA-specific IgA in nasal tissue homogenates

and FHA-specificIgGl and IgG2c in serum were quantified by ELISA. Data are
presented as the mean + s.e.m. of biological replicates (n =5).d, Live bacterial
loads in lung and nasal tissue were quantified by CFU counts at 2 hand 7 days,

14 days and 21 days after the live B. pertussis challenge. Data are presented as

the mean + s.e.m. of biological replicates (n = 5). Data were analysed by one-way
ANOVA followed by Tukey’s test for multiple comparisons. Pvalues are shown
above relevant datasets.
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nasal tissues of mice immunized with the AIBP vaccine but were
close to background in mice immunized intranasally with the wP or
aP vaccine (Fig. 5b).

Immunization of mice with the AIBP vaccine induced potent
B. pertussis-specificIgAin the nasal tissue and IgGl and IgG2cin serum.
By contrast, antibody responses were weak or undetectable in mice
immunized by thei.n. route with the wP or aP vaccine (Fig. 5¢).

Intranasalimmunizations with the AIBP vaccine conferred a high
level of protection against lung and nasal infection with B. pertussis
(Fig. 5d). By contrast, i.n. immunization with the wP vaccine induced
modest protection against lung or nasal infection and this was substan-
tially poorer than that observed with the AIBP vaccine. The aP vaccine
failed to protect against lung or nasal infection when administered by
thei.n.route (Fig. 5d). These findings show that the superior efficacy of
the AIBP vaccineisnotsolely duetoits delivery viatherespiratory tract.

Mechanism of protective immunity induced with the AIBP
vaccine

Although antibodies have arole in preventing infection of the lungs
in mice” and maternal antibodies protect against pertussis disease
in human infants®’, studies in mice have shown that IL-17-secreting
T cells are required for clearance of B. pertussis from the nasal tract*.
Studies in mice, baboons and humans have shown that current a
P vaccines selectively induce T,;2 cells and antibody responses, but
not respiratory Tgy cells, and consequently fail to prevent nasal
colonization with B. pertussis”'®'**. We examined the possible role
of IL-17-secreting CD4 T cells by depleting CD4 cells or neutralizing
IL-17 before and after challenge with B. pertussis in mice immunized
with one dose of the AIBP vaccine.

Flow cytometry analysis showed that recruitment of CD4 T cells
to the lungs and nose in mice immunized with the AIBP vaccine
was abrogated in mice treated with the anti-CD4 antibody and was
also reduced in mice treated with the anti-IL-17 antibody (Fig. 6a).
IL-17 is known to recruit neutrophils, especially Siglec-F* neutrophils,
to the respiratory tissue of B. pertussis-infected mice. Here we found
enhanced recruitment of Siglec-F* neutrophils to the lungs and
nasal tissue after the B. pertussis challenge of mice immunized with
the AIBP vaccine, and this was reversed in mice treated with anti-IL-17
and significantly reduced in mice treated with anti-CD4 (Fig. 6b).

Protection against infection induced with a single dose of
the AIBP vaccine was completely abrogated after depletion of
CDA4 T cells or neutralization of IL-17; the CFU counts in the anti-CD4-
depleted mice were similar to those in non-immunized control
mice (Fig. 6¢).

Our findings show that the AIBP vaccine mediates sterilizing
immunity largely via induction of IL-17-secreting CD4 T cells that
promote recruitment of Siglec-F* neutrophils to the respiratory tract.

Fig. 4 | Previous immunization of mice with aP vaccines does not affect the
induction of T,1and T,17 cells or the efficacy of the AIBP vaccine. a, Schematic
of the experiment; mice were immunized intramuscularly with the aP vaccine
(twice at 0 week and 4 weeks; 1/50 of the human dose) followed by aerosol
administration of the AIBP vaccine (twice, 8 weeks and 12 weeks) or given two
doses of the aP or AIBP only or PBS. Female 6-8-week-old C57BL/6 mice were
aerosol challenged with live B. pertussis at week 14. b,c, On the day of but before
the challenge with live B. pertussis, CD4 Ty, cells (b) and B. pertussis-specific IL-17-
and IFNy-producing CD4 Ty, cells (c) were analysed by ICS and flow cytometry as
describedin the legend of Fig. 3. Datain b and c are presented as the mean + s.e.m.
of biological replicates shown as individual symbols (n = 5).d, On the day before
the B. pertussis challenge, concentrations of B. pertussis-specific IgA, IgGl and
IgG2cin nasal tissue homogenates and serum were quantified by ELISA. Data

are presented as the mean + s.e.m. of biological replicates (n = 5). e, CFU counts
onlung and nasal tissue 2 h, 7 days, 14 days and 21 days post-challenge. Data are
presented as the mean + s.e.m. of biological replicates (n = 5). Data were analysed
by two-way ANOVA followed by Tukey’s test for multiple comparisons. Pvalues
are shown above relevant datasets. Panel a created with BioRender.com.

Discussion

This study describes a new paradigm in vaccination against
bacterial infections. In proof-of-principle experiments with
ciprofloxacin-treated B. pertussis, we show that respiratory delivery
of ciprofloxacin-inactivated bacteria is a safe and effective vaccine
approach for inducing sterilizing immunity against B. pertussis of the
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Fig. 5| The AIBP vaccine has superior immunogenicity and protective efficacy
to wP or aP vaccines delivered by the nasal route. Female 6-8-week-old C57BL/6
mice were immunized by i.n. administration of AIBP vaccine (equivalent to
1x10®bacteria per mouse), wP vaccine (1/160 human dose, equivalent to 1 x 10
bacteria per mouse), aP vaccine (1/160 human dose) or PBS twice at O week and

4 weeks and were challenged with live B. pertussis 2 weeks later. a,b, On the day of
but before the challenge with live B. pertussis, CD4 Ty cells (a) and B. pertussis-
specific IL-17- and IFNy-producing CD4 Ty, cells (b) were analysed by ICS and flow
cytometry as described in the legend of Fig. 3. Datainaand b are presented as

Time post-challenge (days)

the mean + s.e.m. of biological replicates shown as individual symbols (n = 5).

¢, On the day before the B. pertussis challenge, concentrations of B. pertussis-
specific IgA in nasal tissue homogenates and IgGl and IgG2c in serum were
quantified by ELISA. Data are presented as the mean * s.d. of biological replicates
(n=5).d, CFU counts on lung and nasal tissue 2 h and 7 days, 14 days and 21 days
post-challenge. Data are the mean + s.d. of biological replicates (n = 5). Data

were analysed by one-way ANOVA followed by Tukey’s test for multiple
comparisons. Pvalues are shown above relevant datasets.
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Fig. 6 | IL-17-secreting CD4 T cells mediate protection induced with the AIBP
vaccine. Female 6-8-week-old C57BL/6 mice were immunized once by aerosol
administration of the AIBP vaccine or PBS and challenged by aerosol with live

B. pertussis at week 6. Groups of mice that had been immunized with the AIBP
vaccine were treated with anti-CD4, anti-IL-17 or an isotype (Iso.) control antibody
the day before and every 3 days after the challenge with B. pertussis. a, On the

day of but before the challenge with live B. pertussis, CD4 cells were quantified
inlungs and nasal tissue by flow cytometric analysis. b, On the day of but before
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the B. pertussis challenge, Siglec-F" neutrophils were quantified in lung and nasal
tissue cells by flow cytometry. Datainaand b are presented as the mean +s.e.m.
of biological replicates shown as individual symbols (n = 5). ¢, CFU counts were
performed on lung and nasal tissue 2 h and 7 days, 14 days and 21 days post-
challenge. Data are presented as the mean + s.d. of biological replicates (n = 5).
Data were analysed by two-way ANOVA followed by Tukey’s test for multiple
comparisons. Pvalues are shown above relevant datasets.

upper and lower respiratory tracts of mice. Delivery of the AIBP vaccine
to mice by the aerosol or intranasal route promoted the induction of
IgA and CD4 Ty, cells in respiratory tissue and conferred protective
immunity against B. pertussis infection of the lungs and nasal tract,
which was mediated largely by IL-17-secreting CD4 T cells and associ-
ated recruitment of Siglec-F* neutrophils.

Current aP vaccines are suboptimal, failing to prevent infec-
tion of the nasal tract and allowing transmission of B. pertussis from
immunized individuals'®", Attempts to develop new vaccines against
pertussis have focused on live attenuated vaccines’, outer membrane
vesicle vaccines® or subunit vaccines administered with adjuvants®**,
The attenuated vaccines are the most developed, with BPZE1 show-
ing good efficacy in phase 2 clinical trials®’. However, the limitations
of attenuated vaccines include failures to ‘take’ owing to pre-existing
antibodies®® and transient colonization of the nasopharynx,
which poses potential safety issues inimmunocompromised indi-
viduals. Our approach of using ciprofloxacin-treated B. pertussis

has significant advantages over current aP vaccines and combines
the benefits of live attenuated pertussis vaccines and wP vaccines,
but with low risks and high immunogenicity when delivered to the
respiratory tract. However, the AIBP vaccine has very distinct charac-
teristics and properties from wP vaccines. wP vaccines are prepared
by inactivating B. pertussis with aldehydes, usually formaldehyde,
which cross-links proteins by forming covalent bonds between dif-
ferent amino acid residues. This can adversely affect conformational
antibody epitopes and alter protein degradation by endo-lysosomal
proteases, thereby affecting antigen processing”. Conformational
changes to proteins, such asthose induced by aldehyde treatment, can
adversely affect T cell activation®®. This may affect the immunogeni-
city and protective efficacy of the killed bacteria in the wP vaccines.
Indeed, the variability in immunogenicity of wP vaccines may reflect
the different duration of formaldehyde treatment, which influences
the extent of protein antigen cross-linking. By contrast, the bacterial
antigens are not modified in the AIBP vaccine, and our data show that
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the AIBP vaccine is more effective than the wP vaccine at stimulating
APCs and thereby promoting T,1 and T,17 responses. Furthermore,
when compared with parenteral or i.n.immunization with the wP vac-
cine, aerosol ori.n. delivery of the AIBP vaccine induced significantly
greater accumulation of T,1- and T, 17-type CD4 Ty cells in the res-
piratory tissue and conferred better protection against B. pertussis
infection of the nasal cavity.

Ciprofloxacin and other fluoroquinolone antibiotics permeate
bacterial membranes and arrest cell division by inhibiting the function
of DNA gyrase and/or DNA topoisomerase IV leading to DNA damage™.
Aproportion of the bacteria enlarge after fluoroquinolone treatment,
and this may facilitate uptake of the inactivated bacteria by APCs.
Furthermore, the AIBP vaccine induced DC maturation and produc-
tion of the T cell-polarizing cytokines IL-1B, IL-12p70 and IL-23, which
was significantly greater than thatinduced with the wP vaccine. This is
consistent with the highly effective priming of IL-17-and IFNy-secreting
respiratory CD4 Ty, cells. By contrast, B. pertussis treated with the
beta-lactam antibiotic chloramphenicol, which induces bacterial
celllysis, failed toinduce respiratory Ty, cells. Although two doses of
the AIBP vaccine prepared by ciprofloxacin treatment were required
to induce potent serum IgG and mucosal IgA, a single dose of the
AIBP vaccine induced respiratory Ty, cells and conferred a high
level of protection against B. pertussisinfection of the lungs and nasal
tract. This protection persisted for at least 6 months and was signifi-
cantly attenuated following depletion of CD4 T cells or neutralization
of IL-17. Although we do not rule out a role for mucosal IgA or circu-
lating IgG2c antibodies, which are involved in complement fixation
and opsonization, our findings suggest that IL-17-producing CD4 Tyy
cells are major mediators of protective immunity induced with the
AIBP vaccine.

The aerosol-delivered AIBP vaccine has significant advantages
over current parenterally delivered aP vaccines. Most importantly, it
protects against infection of the nose and lungs and should therefore
prevent community transmission of B. pertussis, and because itinduces
B. pertussis-specific Tgy cells, protective immunity should be sustained.
Furthermore, theimmunogenicity and protective efficacy of the AIBP
vaccine was not affected by previous immunization with two doses
of an aP vaccine. The AIBP vaccine was still capable of inducing T,,1
and T17 cells and Ty, cells in mice immunized with the T,,2-inducing
aP vaccine, suggesting that it could be used effectively for a booster
vaccinein aP-primed humans.

In terms of safety, aerosol delivery of the AIBP vaccine did not
promote systemic production of proinflammatory cytokines or serum
CRP, observed with a parenterally delivered wP vaccine, which has
beenlinked to adverse events*’. Furthermore, it did not colonize in the
lungs or nose or secrete PT in immunized mice. It should be possible
to further reduce any possible risks associated with the AIBP vaccine
by preparing it from B. pertussis with reduced lipooligosaccharide
content* and by deleting or mutating other B. pertussis toxins. Another
significant advantage of the AIBP vaccine over existing aP vaccines is
the ease and cost of production, making it especially attractive for
low- and middle-income countries. Respiratory administration of
the AIBP vaccine with a simple nebulizer or spray device would allow
needle-free delivery, thus promoting vaccine compliance and uptake.
Because of the multiple antigens expressed by the AIBP vaccine, it has
the capacity to protect against circulating strains with mutations or
deletionsin B. pertussis antigens presentin the aP vaccine. Therefore,
this technology has considerable potential for the development of
more effective vaccines against infection with B. pertussis and other
respiratory bacteriain humans.

Methods

Mice

Our research complies with all relevant ethical regulations. All animal
experiments were conducted according to the guidelines and under

licences approved by the Health Products Regulatory Authority of
Ireland (project licence number AE19136) with previous ethical
approval from the Trinity College Dublin Animal Research Ethics
Committee. All experiments used female C57BL/6 mice that were
6-10 weeks old at the initiation of the experiment. The mice were pur-
chased from Charles River UK and housed in a specific pathogen-free
facility, with a14-hlight-10-h dark cycle, at 20 °Cand 40-60%relative
humidity, in the Comparative Medicine Unit, Trinity College Dublin.

Antimicrobial activity of ciprofloxacin against B. pertussis

B. pertussis 338 from an overnight culture in Stainer-Scholte (S&S)
medium was adjusted to a concentration of 6 x 10’ colony forming
units (CFU) ml™. Freshly prepared ciprofloxacin (Enzo Life Sciences)
was diluted in nuclease-free water and added to the bacterial culture
atconcentrations of 0.1-0.5 mg ml™. The CFU mI™ of live bacteriawere
quantified by performing CFU counts on BG agar plates after 2h, 4 h
and6 h.

Morphology of inactivated B. pertussis

B. pertussis 338 was inactivated with ciprofloxacin (0.25 mg ml™), levo-
floxacin (1 mg ml™) or chloramphenicol (100 pg mI™) for 24 hfollowed
by 4% paraformaldehyde fixation (10 min room temperature). The
concentration of each antibiotic used was based on the minimum
concentration that completely arrested bacterial growth after 3 h.
The samples were loaded into a Cytospin-MICROTEKNIK-JP-6 follow-
ing the manufacturer’s instructions and centrifuged at 335 x g for
10 min. B. pertussis was detected using FM 4-64 dye according to the
manufacturer’sinstructions. Image acquisition was performed using
an SP8 confocal microscope (Leica).

Vaccines and immunization

To prepare the AIBP vaccine, B. pertussis 338, from an overnight culture,
was adjusted to 6 x 107 CFU mI™ in S&S medium and treated with cip-
rofloxacin (0.25 mg ml™), levofloxacin (1 mg ml™) or chloramphenicol
(100 pg ml™). After 3 hor 24 hof antibiotic treatment (37 °C,180 rpm),
thebacteriawere collected by centrifuging at 876 x gfor20 minat4 °C
and washed twice with 1% casein solution. The concentration of the
collected bacteriawas adjusted to1x 10° CFU ml™. Inactivation of the
bacteriain the AIBP vaccine was confirmed by plating on BG agar and
monitoring for any live bacterium after 3-5 days. Mice wereimmunized
once or twice after a4-week interval by aerosol administration of AIBP
using anebulizer (PARI TurboBOY SX) fromacultureat1x10° CFU ml™
over 10 min as described previously*? or by intranasal administration
by placing two 15-pl droplets of the AIBP vaccine (3 x 10°, 3 x 10%,3 x 107
or1x10®bacteria per dose) on the mouse nares. To confirm that there
are no live bacteria in the AIBP vaccine, CFU counts were performed
on digested nasal tissue or lung homogenates of mice 2 h and 3 days
after vaccination. The plates were monitored for any live bacteria after
3-5days. Alternatively, mice were immunized intramuscularly with a
1/50 human dose of a commercial aP vaccine (Boostrix, GlaxoSmith-
Kline) or wP vaccine (NIBSC code: 8/522). In experiments comparing
the efficacy of different vaccines delivered by the i.n. route, we used
the AIBP vaccine at 1x 108 bacteria per dose, the wP vaccine at1x 108
bacteria per dose (equivalent to1/160 human dose) and the aP vaccine
at 1/160 human dose. In some experiments, immunized mice were
compared with convalescent mice, which were defined as mice that
were >60 days after the B. pertussis challenge.

B. pertussis respiratory challenge

B. pertussis 338 bacteria were grown from frozen stocks for 3 days on
BG plates. Bacteriawere then collected and cultured insupplemented
S&S medium overnight at 37 °C in a shaking incubator at 180 rpm.
Bacteriawere centrifuged and resuspended in 1% casein solution, and
the optical density (OD) was measured at 600 nm. Mice were infected
by the aerosol challenge administered using a nebulizer fromaculture
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at1x10° CFU mlI™ over 10 min as described previously*. At intervals
after the challenge, whole lung and nasal tissue (nasal cavity and
nasal turbinates) were aseptically removed, transferred to a Petri dish
and chopped with a scalpel. Lungs and nasal tissues were digested
in PBS containing collagenase D (1 mg ml™; Sigma-Aldrich) and
DNasel (20 U ml™; Sigma-Aldrich) for1 hat37 °C. Cells were centrifuged
at 367 x gand supernatants were used to assess CFU counts.

Inflammatory responses induced by the AIBP vaccine

Mice were immunized either by aerosol administration of the
AIBP vaccine (at aconcentration equivalentto1x 10° CFU ml™) ori.m.
administration of awP vaccine (1/50 human dose) or were infected with
live B. pertussis (1 x 10° CFU ml™). Mice were euthanized 4 h or 24 h after
administration. Serum, lung homogenate and nasal tissue superna-
tants were collected for analysis of inflammatory cytokines (IL-6, IL-1B
and TNF) by enzyme-linked immunosorbent assay (ELISA). CRP in
serum was quantified using a CRP ELISA Kit (Proteintech) according
to the manufacturer’s instructions. PT was quantified in lung homo-
genates by ELISA as described®.

DC stimulation

Murine bone marrow-derived DCs were prepared as described previ-
ously**. DCs (1 x10°) in RPMI 1640 medium (without penicillin and
streptomycin) were cultured in 96-well U-bottom plates with the
AIBP vaccine or wP vaccine at a concentration equivalent to 10 bacteria
to1DCfor24 hat37°Cina5% CO,incubator. MHCIl and co-stimulatory
molecule expression was evaluated using flow cytometric analysis.
Supernatants were collected from cell cultures for quantification of
IL-1B, IL-6, IL-12p70 and IL-23 by ELISA.

Activation of B. pertussis-specific T,1 and T17 cells in vitro
CD4 T cells were enriched from spleens of convalescent mice follow-
ing B. pertussis infection. This cell preparation contained more than
90% CD4 T cells, with residual macrophages and DCs, which can
act as APCs. The enriched CD4 T cells were cultured (0.5 x 10° cells)
with the AIBP or wP vaccines at concentrations equivalent to 2 x 10°
bacteria ml™. After 3 days of culture, the concentrations of IL-17 in
supernatants were quantified by ELISA. Alternatively, CD4 T cells were
magnetic-activated cell sorting (MACS) purified from spleens of con-
valescent mice and co-cultured (1 x 10° mI™) withincreasing concentra-
tions of AIBP or HKBP in the presence of APCs (irradiated spleen cells
2 x10° mlI™). After 3 days of culture, the concentrations of IL-17 and IFNy
in supernatants were quantified by ELISA.

Invivo treatment with antibodies

For IL-17 neutralization, mice were injected intraperitoneally with
anti-IL-17 antibody (17F3; BioXcell) at 300 pg per mouse. For deple-
tionof CD4 T cells, mice were treated with anti-CD4 antibody (YTS177;
BioXcell), 200 pg per mouse intraperitoneally and 100 pg per mouse
intranasally (15 pl per nare under anaesthesia) simultaneously 1 day
before infection and every 3 days after the B. pertussis challenge. A
corresponding isotype antibody (Rat IgG2b, k; BioXcell) was used as
acontrol.

Quantification of Ty, cells

To discriminate circulating from tissue-resident lymphocytes by
flow cytometry, mice were injected intravenously with 1.5 pg of
PE-conjugated anti-CD45 antibody (30-F11; eBioscience) in 200 pl
PBS 10 min before euthanasia. Circulating lymphocytes are labelled
CD45i.v.", while tissue-resident lymphocytes are protected fromintra-
venous (i.v.) labelling and are therefore identified as CD45i.v.” cells.
Lungs and nasal tissues were digested and mashed through a 70-pum
strainer, red blood cells were lysed with ammonium chloride-potas-
sium buffer, and cells were centrifuged at 367 x gand used for flow cyto-
metric analysis. Mononuclear cells prepared from lungs or nasal tissue

wereincubated with LIVE/DEAD Aqua (1:600; Invitrogen), following by
incubating with Fc block (BD Biosciences; 1:50) to block IgG Fc recep-
tors. Surface markers were then stained with fluorochrome-conjugated
anti-mouse antibodies specific for CD69 (clone H1.2F3), CD45R/B220
(clone RA3-6B2), CD8 (clone 53-6.7), CD3 (clone 145-2C11), CD4 (clone
GK1.5),CD44 (cloneIM7),CD62L (clone MEL-14), CD103 (clone M290),
Ly6G (clone 1A8), CD11b (clone M1/70), Siglec-F* (clone 50-1702-82),
MHC class Il (MHCII; clone M5/114.15.2), CD80 (clone 16-10A1) and CD86
(clone GL-1) from Biolegend, BD Biosciences or Invitrogen and fixed
with 2% paraformaldehyde (Thermo Fisher Scientific). Tissue-resident
cells were defined through lack of in vivo labelling with anti-CD45.
Cells that were CD45i.v."CD4'CD44*CD62L" and express CD69, with
or without CD103, were considered to be CD4 Ty, cells. For detec-
tion of cytokine-producing B. pertussis-specific T cells, mononuclear
cellswere stimulated for 16 hwith HKBP (10° CFU ml™), anti-CD28 and
anti-CD49d (1 pg ml™; BD Biosciences). Brefeldin A (5 pg ml™) was
added for the final 4 h of culture. The cells were fixed, permeabilized
and stained using the eBioscience Foxp3/Transcription Factor Stain-
ing Buffer Set (Thermo Fisher Scientific) according to the manufac-
turer’sinstructions using anti-mouse antibodies specific for IFNy (clone
XMG1.2),IL-5(clone TRFKS5) or IL-17 (clone TC11-18H10). Flow cytomet-
ricanalysis was performed onan Aurora, and datawere acquired using
SpectroFlo. Datawere analysed using FlowJo software (Tree Star). Flow
cytometry gating strategies are shownin Supplementary Fig. 3. Details
of all antibodies used are provided in Supplementary Table 1.

Quantification of antibody responses

Serum samples for analysis of IgG were prepared by centrifugation of
clotted whole blood at 5,000 x g at 4 °C for 10 min after bleeding of
mice by cardiac puncture. B. pertussis-specific IgA was quantified in
nasal tissue homogenates, and IgGl and IgG2c were quantified in serum
by ELISA using plate-bound HKBP (10’ CFU ml™) or FHA (1.0 pg ml™)
and biotin-conjugated anti-mouse IgA, IgG1 or IgG2c (1:1500 HRP
conjugated, Southern Biotech). The reaction was developed using
3,3,5,5-tetramethylbenzidine (TMB) and 1M H,SO,, and the plates
were read using a SpectraMax ABS microplate reader (Molecular
Devices) at 450 nm.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.0 Soft-
ware. Data were presented as mean + s.e.m. Data were analysed by
one-way ANOVA or two-way ANOVA followed by post hoc Tukey’s test
for multiple comparisons. Pvalues < 0.05 were considered significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper.
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Untreated B. pertussis Ciprofloxacin-treated B. pertussis
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Untreated B. pertussis Levofloxacin-treated B. pertussis Chloramphenicol-treated B. pertussis
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Extended Data Fig. 1| Morphology of antibiotic-treated B. pertussis. 24 h after treatment with levofloxacin, chloramphenicol or medium only
Representative images of B. pertussis culture 24 h after treatment with (untreated) (b). This experiment was carried out twice with similar results.
ciprofloxacin or medium only (untreated) (a); this experiment was carried Bacteria were fixed with PFA and stained with DAPI (nuclei-blue) and FM™ 4-64
out 3 times with similar results. Representative images of B. pertussis culture dye (cellmembrane of bacteria-red). Scale bar 5 pM.
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Extended Data Fig. 2 | Safety testing of the AIBP vaccine. a, Female 6-8 week old intranasal immunization (0 and 4 weeks) with the AIBP vaccine or with PBS and
C57BL/6 mice were aerosol immunized with the AIBP vaccine orimmunized i.m. B. pertussis challenge at week 6. Data are presented as mean + s.d. for biological
withawP vaccine or with PBS. After 24 and 48 h, the number of T cellsin spleen replicates (n=5). Data were analyzed by two-way ANOVAs followed by Tukey’s

was quantified by flow cytometry. Data are presented as mean + s.d. for biological ~ test for multiple comparisons.
replicates shown as individual symbols (n = 5). b, Body weight of mice after
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Extended DataFig. 3| AIBP vaccine-activated APC stimulate B. pertussis- IFN-y production was quantified in supernatants by ELISA. Data are presented
specific Ty1and T,17 cells in vitro. CD4 T cells purified from the spleen of mean t s.d for biological replicates (n = 3). Data were analyzed by two-way

B. pertussis convalescent mice were cultured with APC (irradiated spleen cells, ANOVAs followed by Tukey’s test for multiple comparisons. Pvalues are shown
2 x10%/ml) and increasing concentrations of AIBP or HKBP. After 3 days, IL-17 and aboverelevant data sets.
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Extended DataFig. 4| B. pertussisinactivated with ciprofloxacin or
levofloxacin, but not chloramphenicol, induces CD4 Ty, cells in nasal tissue

and lungs of aerosol immunized mice. B. pertussis were inactivated with
0.25 mg/ml ciprofloxacin for 3 h (Bp-Cip-3h) or 24 h (Bp-Cip-24h), 1 mg/ml

levofloxacin for 3 h (Bp-Lev-3h) or 100 pg/mL chloramphenicol for 3 h (Bp-Chl-3h).
Female 6-8 week old C57BL/6 mice were immunized once by aerosol

administration of the antibiotic inactivated B. pertussis preparations or with

PBS. 14 days postimmunization, mice were injected i.v. with anti-CD45 antibody
10 min prior to euthanasia (to identify tissue-resident cells), and lung or nasal

tissue cells were stained with antibodies specific for Tgy cells. Mean number

of CD4 T cells (a) or CD4 Ty, cells (CD45iv- CD4*CD44*'CD62L"CD69*CD103"")
(b) in nasal tissue and mean number of CD4 T cells (c) or CD4 Ty cells (d) in
lung by flow cytometric analysis. Data are mean + s.e.m. (n =5). Lung cells were
stimulated for 16 hours with HKBP (10° CFU/mL), anti-CD28 and anti-CD49d
(1pg/mL), followed by Brefeldin A (5 pg/ml) for the final 4 h of culture.

B. pertussis-specific IL-17-producing (e) and IFNy-producing (f) CD4 Ty, cells
were analyzed by ICS and flow cytometric analysis. Data are presented as
mean + SEM for biological replicates shown as individual symbols (n = 5).

Data were analysed by Two-way ANOVA followed by Tukey’s test for multiple
comparisons. Pvalues are shown above relevant data sets.
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Extended Data Fig. 5| See next page for caption.
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Extended DataFig. 5| Aerosol-delivered AIBP vaccine induces B. pertussis- and lung or nasal tissue cells were stained with antibodies specific for Ty cells,
specific T,1- and T,17-type Tgy, cells in the lungs and nasal tissue. Female or cells were stimulated with HKBP, anti-CD28 and anti-CD49d (both 1 png/mL)
6-8 week old C57BL/6 mice were immunized by aerosol administration of AIBP for16 h, followed by Brefeldin A (5 pg/ml) for the final 4 h of culture prior to
vaccine (once or twice at 0 and 4 weeks), i.m. immunization with an aP vaccine intracellular cytokine staining (ICS) and flow cytometric analysis. Representative
(twice, 0 and 4 weeks;1/50 of the human dose) or PBS. Mice were aerosol flow plots of CD69 and CD103 expression on CD45iv-CD4'CD44"CD62L T cells
challenged from a culture at 1x10° CFU/mL of live B. pertussis at week 6. On the inlungtissue (a) or nasal tissue (b). Representative flow plots of B. pertussis-

day of but prior to challenge with live B. pertussis, mice were injected i.v. with specific IFNy- or IL-17-secreting CD45iv"CD4" Ty, cells in lung tissue (c) or nasal
anti-CD45 antibody 10 min prior to euthanasia (to identify tissue-resident cells), tissue (d).
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live B. pertussis. Live bacterial loads in lung and nasal tissue quantified by CFU
counts 7,14 and 21 days post live B. pertussis challenge. Data are presented as
mean +s.e.m. for biological replicates (n = 5). Pvalues are shown above relevant
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Extended DataFig. 6 | Intranasal administration of AIBP vaccine confers
protection against infection with B. pertussis of the lung and nose. Female
6-8 week old C57BL/6 mice were immunized i.n. with doses equivalent to 3x10°,
3x10° or 3x107 CFU of AIBP vaccine (twice at 0 and 4 weeks) or PBS and challenged ~ datasets.
at week 6 by exposure to an aerosol from a culture containing 1x10° CFU/mL
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Extended Data Fig. 7| The AIBP vaccine induces persistent Ty, cellsin the
respiratory tissue and long-term protective immunity against lung and nasal
infection with B. pertussis. Female 6-8 week old C57BL/6 mice were immunized
by aerosol administration of AIBP vaccine (twice at 0 and 4 weeks) or PBS. Mice
were aerosol challenged from a culture at 1x10° CFU/mL of live B. pertussis

6 months later. Seven days post B. pertussis challenge, mice were injected i.v. with
anti-CD45 antibody 10 min prior to euthanasia (to identify tissue-resident cells),
and lung or nasal tissue cells were stained with antibodies specific for Ty cells,
or cells were stimulated with HKBP, anti-CD28 and anti-CD49d (both 1 pg/mL) for
16 h, followed by Brefeldin A (5 pg/ml) for the final 4 h of culture prior to ICS and
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flow cytometric analysis. Mean absolute number of CD4 Ty, cells (CD45iv- CD4*
CD44*CD62L"CD69*CD103"~ quantified in lungs (a) and nasal tissue (b) by

flow cytometric analysis. Data are mean + s.e.m. (n = 4). Number of B. pertussis-
specific IFN-y-, IL-17 or IL-5-secreting CD45iv"CD4 T cells in lungs (c) and nasal
tissues (d) by ICS and flow cytometry. Datain a-d are presented as mean + s.e.m.
for biological replicates shown as individual symbols (n = 4). e, Live bacterial
loads in lung and nose quantified by CFU counts 7 and 21 days post live B. pertussis
challenge. Data are presented as mean + s.e.m. for biological replicates (n = 4).
Data were analyzed by one-way ANOVA followed by Tukey’s test for multiple
comparisons. Pvalues are shown above relevant data sets.
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Extended Data Fig. 8| A single dose of the AIBP vaccine promotes induction
of IL-17- and IFNy-producing CD4 Ty, cell and confers protective immunity
against infection in mice previously immunized with two doses of an

aP vaccine. Female 6-8 week old C57BL/6 mice were immunized i.m. with aP
vaccine (twice at 0 and 4 weeks;1/50 of the human dose) followed by a single
immunization of AIBP vaccine by aerosol at 8 weeks) or given the aP or AIBP
only or PBS. Mice were aerosol challenged with live B. pertussis at week 14.

a, Onthe day of but prior to challenge with live B. pertussis, CD4 Ty, cells
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(CD45iv"CD4'CD44'CD62L CD69'CD103"") were quantified in lungs and nasal
tissue by flow cytometry analysis; data are mean +s.e.m. (n = 5). b, B. pertussis-
specific IL-17- and IFNy-producing CD4 Ty, cell were analyzed by ICS and flow
cytometry. Dataina,b are presented as mean + s.e.m. for biological replicates
shown asindividual symbols (n = 5). ¢, CFU counts on lung and nasal tissue 7, 14
and 21days post challenge. Data are presented as mean + s.d. (n = 5). Data were
analyzed by two-way ANOVAs followed by Tukey’s test for multiple comparisons.

Pvalues are shown above relevant data sets.
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Extended Data Fig. 9| See next page for caption.
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Extended Data Fig. 9| The AIBP vaccine confers a higher level of protection
against nasal infection than a parenterally-delivered wP vaccine or previous
infection. Female 6-8 week old C57BL/6 mice were immunized by aerosol
administration of AIBP vaccine or i.m. administration of a wP vaccine (1/50 of
the human dose) or PBS at 0 and 4 weeks or were infected with virulent

B. pertussis and allowed to clear the infection. Mice were aerosol challenged with
live B. pertussis at week 6. a, On the day of challenge, CD4 Ty, cells (CD45iv™
CD4'CD44'CD62L CD69*CD103"" were quantified in lungs and nasal tissue

by flow cytometric analysis. b, Number of B. pertussis-specific IFNy- or IL-17-
secreting CD45iv"CD4 Tyy cellsin lungs and nasal tissues by ICS and flow

cytometry. Datainaand b are presented as mean + s.e.m. for biological replicates
shown asindividual symbols (n = 5). ¢, On the day prior to B. pertussis challenge,
concentrations of B. pertussis-specific IgA in nasal tissue homogenates and

B. pertussis-specific IgGl and IgG2c in serum were quantified by ELISA.d, CFU
counts on lung and nasal tissue 7,14 and 21 days post challenge. Dataincand d
are presented as mean + s.e.m. for biological replicates (n = 5). The data for the
groups of miceimmunized with AIBP only or PBS are duplicated from Fig. 4.

Data were analyzed by one-way ANOVA followed by Tukey’s test for multiple
comparisons. Pvalues are shown above relevant datasets.
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Methodology

Sample preparation

Lungs and nasal tissues were digested and mashed through 70 um strainer, red blood cells were lysed with ammonium
chloride-potassium (ACK) buffer, cells were centrifuged at 1350 rpm, and used for flow cytometric stainig.

Instrument Flow cytometric analysis was performed on an Aurora.
Software Data were acquired using SpectroFlo. Data were analysed using FlowJo software (Tree Star).
Cell population abundance Not applicable
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