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IL-17-dependent SIgA-mediated protection against nasal

Bordetella pertussis infection by live attenuated BPZE]1 vaccine

Luis Solans'***, Anne-Sophie Debrie'%>*, Lisa Borkner®, Nacho Aguil6®”’, Anais Thiriard"**%, Loic Coutte'**%, Santi Uranga®’,
Francois Trottein'?*#, Carlos Martin®’, Kingston H. G. Mills®> and Camille Locht'***

BPZE1 is a live attenuated Bordetella pertussis vaccine for nasal administration to mimic the natural route of infection. Here, we
studied the mechanism of BPZE1-induced immunity in the murine nasal cavity in contrast to acellular vaccine (aPV), although both
vaccines protected against lung colonization. Transfer of splenocytes or serum from BPZE1-vaccinated or aPV-vaccinated mice
protected naive mice against lung colonization but not against nasal colonization. However, transfer of nasal washes from BPZE1-
vaccinated mice resulted in protection against nasal colonization, which was lost in IgA-deficient or poly-lg receptor-deficient mice,
indicating that it depends on secretory IgA (SIgA) induction induced in the nose. BPZE1-induced protection against nasal
colonization was long-lived despite the relatively rapid decay of SlgA, indicating a potent BPZE1-induced local memory response,
likely due to CD4 ™" tissue-resident memory T cells induced in the nose by BPZE1. These cells produced interleukin-17 (IL-17), known
to be important for SIgA secretion. Furthermore, BPZE1 failed to protect //77~/~ mice against nasal colonization by B. pertussis and
induced only background levels of nasal SIgA. Thus, our results show important differences in the protective mechanism between
the upper and the lower murine respiratory tract and demonstrate an IL-17-dependent SIgA-mediated mechanism of BPZE1-

induced protection against B. pertussis nasopharyngeal colonization.
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INTRODUCTION

Pertussis or whooping cough is a severe and highly contagious
respiratory disease, mainly caused by Bordetella pertussis.'
Although it is most severe and can be life threatening in very
young children, it also affects other age groups, and can cause
significant morbidity in adolescents and adults, including the
elderly.? Despite a current global vaccination coverage of >85%,’
the disease has not been controlled in any country and has even
made a spectacular comeback in areas where vaccine coverage
has reached close to 100%,” illustrating the shortcomings of
current vaccination programs.

Many reasons for this failure to control pertussis have been
proposed, including pathogen adaptation to escape vaccine-
induced immunity, fast waning of immunity, especially since the
switch from whole-cell to acellular vaccines (aPV), and the failure
of pertussis vaccines, in particular aPV, to prevent infection and
spread of B. pertussis.” Several investigations have now shown that
apparently symptom-less B. pertussis infections are much more
frequent than previously appreciated, even in fully vaccinated
populations,®'° and recent modeling studies have suggested that
asymptomatic transmission may be the major driver of the
resurgence of pertussis."’ In contrast to current vaccines, prior
infection is able to prevent B. pertussis infection and transmission,
as shown in baboon studies.”

We have developed a live attenuated B. pertussis vaccine to be
delivered nasally. This vaccine, named BPZE1, was constructed by
genetically removing or inactivating three toxins: tracheal
cytotoxin, dermonecrotic toxin, and pertussis toxin (PTX)."* It
was found to be safe in pre-clinical models and highly effective in
protecting mice against B. pertussis after a single nasal adminis-
tration (for a review see Locht and Mielcarek et al..'*) It is now in
clinical development and was shown to be safe in humans, able to
transiently colonize the human respiratory tract and to induce
immune responses in all colonized individuals.'

It has recently been tested in baboons, where it induced strong
protection against pertussis disease after a single vaccination and
reduced nasopharyngeal B. pertussis colonization by 99.998% over
non-vaccinated baboons,'® a performance that by far exceeded
that of three administrations of a human dose of aPV and whole-
cell vaccine.' However, the mechanism responsible for the
protection against nasal colonization has not been addressed
yet. In this study, we used the mouse model to examine the
immune mechanism of BPZE1-mediated protection against nasal
infection by B. pertussis, which allowed us to identify B. pertussis-
specific secretory IgA (SIgA) in the nasal cavity as the main effector
molecule for nasal protection.
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Nasal protection in BalB/c mice
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Protection induced by BPZE1 or aPV against B. pertussis colonization of Balb/c and C57BL/6 mouse lungs and noses. Groups of Balb/c or

C57BL/6 mice were vaccinated once with BPZE1 or twice with aPV at a 4-week interval. Eight weeks after the first vaccination, mice were
challenged with B. pertussis BPBCTA1 and CFU levels were measured at the indicated time points in the lungs (a, c¢) and noses (b, d) of Balb/c
(a, b) and C57BL/6 (c, d) mice. N=3 for the 3 h time point and N =5 for the other time points. Bars represent mean values and graph
represents data combined from three independent experiments. ***p < 0.001 by two-way ANOVA and Bonferroni post hoc test

RESULTS

BPZE1, but not aPV, induces protection against nasal infection by
B. pertussis

In most published studies using mice to evaluate the potency of
pertussis vaccines, the animals were infected intranasally or by
aerosol, and the bacterial burden in the lungs was determined at
different time points. This model, in which mice receive two
administrations of 1/5 of a human aPV dose, is routinely used as it
correlates with aPV efficacy in human clinical trials.'”” '® When
Balb/c (Fig. 1a, b) and C57BL/6 (Fig. 1c, d) mice were vaccinated
with a single nasal dose of 10° colony-forming unit (CFU) BPZE1, a
dose established according to previous dose-responses studies,'®
or two administrations of 1/5 of a human aPV dose at a 4-week
interval and challenged with virulent B. pertussis BPBCTA1 8 weeks
after the first vaccination, strong protection with either vaccine
was seen in the lungs (Fig. 1a, c), as expected from previous
studies.'?

However, when the bacterial load in the noses were examined,
BPZE1 was found to induce strong protection against nasal
colonization by virulent B. pertussis, whereas aPV failed to control
the infection in the nasal cavity (Fig. 1b, d). Three hours after
challenge infection, colony counts in the noses were similar to
those detected in the lungs, which is different from other studies.
These differences may be due to the fact that here the mice were
infected by nasal drops in contrast to aerosol infection in other
studies. Nasal drops may more efficiently lead to nasal coloniza-
tion. Furthermore, we have examined total bacterial burden in
nasal homogenates, compared to other studies in which nasal
washes (NWs) were examined. When we compared NW to nasal
homogenates, we indeed saw a roughly 10-fold lower CFU
recovery in the NW (data not shown).
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Transfer of immune serum or splenocytes from vaccinated mice
provides protection in the lungs but not in the nose

The analysis of Balb/c serum antibody responses to whole B.
pertussis extracts revealed that nasal administration of BPZE1
induced both serum immunoglobulin G (IgG) and immunoglobu-
lin A (IgA), whereas subcutaneous administration of aPV only
induced serum IgG (Fig. 2a, b). The IgG isotypes induced by the
two vaccines were also different. Whereas aPV primarily induced
serum anti-B. pertussis 1gG1 (Fig. 2c), indicative of a T-helper 2
(Th2)-type immune response, the IgG isotype of the BPZE1-
vaccinated mice was primarily IgG2a (Fig. 2d), IgG2b (Fig. 2e), and
IgG3 (Fig. 2f), indicative of Thil-type and Th17-type immune
responses. This is consistent with our previous results showing
that aPV and BPZE1 preferentially induce Th2-producing and Th1
cytokine-producing T cells upon stimulation with B. pertussis
antigens, respectively.”® Interestingly, we found here that aPV
preferentially induced IL-17 responses to PTX and filamentous
hemagglutinin (FHA), whereas BPZE1 preferentially induced IL-17
to pertactin, especially in the lungs, but also, to a minor degree, in
the spleen (Supplementary Figure 1). Similar 1gG isotype profiles
were seen in C57BL/6 mice (Supplementary Figure 2). When
antibodies were measured against the three antigens present in
aPV, FHA, PTX, and pertactin, IgG were measurable against all
three antigens both in BPZE1-vaccinated and aPV-vaccinated
mice, whereas IgA could only be detected against pertactin in
BPZE1-vaccinated mice, both in Balb/c (Supplementary Figure 3)
and in C57BL/6 mice (Supplementary Figure 4).

In order to assess the protective effect of these antibodies
against nasal infection by B. pertussis, serum from aPV-vaccinated
or BPZEl-vaccinated mice was injected intraperitoneally into
severe combined immunodeficiency (SCID) mice, which were
intranasally challenged with virulent BPSM 24 h later. Whereas the
transfer of either serum resulted in significant protection in the
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Fig.2 Serum antibody induction by BPZE1 or aPV vaccination in Balb/c mice. Groups of Balb/c mice were vaccinated once with BPZE1, twice
with aPV at a 4 weeks interval, or left unvaccinated (Naive) as indicated. Eight weeks after the first vaccination, mice were sacrificed and serum
was collected. Total IgG (a), IgA (b), IgG1 (c), IgG2a (d), IgG2b (e), and I1gG3 (f) titers were measured against BPSM lysate protein extract. N =5.
Bars represent mean values and graph represents data combined from three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001 by

one-way ANOVA and Bonferroni post hoc test

lungs, compared to transfer of serum from naive mice (Fig. 3a),
none of them conferred protection in the nose (Fig. 3b).

Since protection against B. pertussis may also be cell-
mediated,?® we also examined the protective effect of splenocyte
transfer. Similar to the antisera, splenocytes from mice vaccinated
with either BPZE1 or aPV transferred significant levels of
protection to SCID mice in the lung, whereas splenocytes from
naive mice did not (Fig. 3c). In contrast, none of them transferred
protection in the nasal cavity (Fig. 3d), although a trend of a
decreased bacterial burden was seen when splenocytes from
BPZE1-vaccinated mice were transferred. However, this did not
reach statistical significance.

Transfer of slgA in NWs from BPZE1-vaccinated mice provides
protection against nasal B. pertussis infection

Since neither serum antibodies nor spleen cells from BPZE1-
vaccinated mice could transfer protection against nasal infection
by B. pertussis, we reasoned that nasal protection may require the
induction of local antibodies by the vaccine. We first measured
anti-B. pertussis antibodies in the nasal secretions of BPZE1-
vaccinated mice. As shown in Fig. 4a, BPZE1 vaccination induced
barely detectable anti-B. pertussis 1gG levels in NWs, whereas
significant amounts of anti-B. pertussis IgA titers were induced
(Fig. 4b). These IgA were genuine SIgA, as they were not detected
in NWs of polymeric immunoglobulin receptor-deficient (Pigr /")
mice (Fig. 4a, b).

NWs from BPZE1-vaccinated mice were then instilled into the
noses of naive mice, which were subsequently challenged with
virulent B. pertussis. Seven days after infection, the bacterial load in
the noses of these recipient mice was significantly lower than in
the noses of mice that had received NW from naive mice (Fig. 4c).
No protection was seen when NW from BPZE1-vaccinated Pigr '~
mice were transferred to naive mice, indicating that the protection
depended on antibodies actively transported via plgR.

Mucosal Immunology _############HHH######E_

BPZE1-induced protection against nasal B. pertussis infection
depends on SIgA

As significant BPZE1-induced protection against nasal infection by
B. pertussis could be transferred by anti-B. pertussis IgA-containing
NWs, we further investigated the role of plgR on BPZE1-mediated
protection in the nose. C57BL/6 and Pigr '~ mice were intranasally
vaccinated with BPZE1 and challenged 2 months later with
BPBCTA1. Three hours after challenge, vaccinated and non-
vaccinated mice contained the same bacterial burden in the nose
(Fig. 5). A significant decrease in bacterial load was observed in
the vaccinated C57BL/6 mice 7 and 21 days after infection,
compared to the non-vaccinated mice, whereas this decrease was
much less pronounced in the Pigr’~ mice, indicating that the
active transport of immunoglobulins into the mucosal lumen is
important for nasal protection.

Since in addition to IgA plgR can also transport other
immunoglobulin isotypes, it was important to confirm the role
of IgA in nasal protection. We therefore vaccinated IgA~'~ mice
with BPZET and measured the bacterial burden after challenge
with virulent B. pertussis BPBCTA1. Seven and twenty-one days
after infection with BPBCTA1, the IgA™'~ mice were significantly
less protected than the C57BL/6 mice (Fig. 5). Together, these
results demonstrate that BPZE1-induced protection against nasal
infection by B. pertussis is mediated by SIgA secreted into the nasal
cavity. There was no difference in BPZE1-mediated protection
between IgA~'~ and Pigr”’~ mice at day 7 after infection, and a
slight but significant difference was seen at day 21 after infection
(slightly better protection in the IgA~'~ than in the Pigr '~ mice). It
is thus likely that isotypes other than IgA may contribute to
protection against nasal infection by B. pertussis, but this would
best be at a lesser extent.
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Fig. 3 Protection by passive transfer of serum and splenocytes from BPZE1-vaccinated or aPV-vaccinated Balb/c mice in SCID mice. Balb/c
mice were vaccinated once with BPZE1 and twice with aPV at a 4-week interval (naive) as indicated. Eight weeks after the first vaccination,
mice were sacrificed and serum and splenocytes were collected and transferred intraperitoneally into SCID mice. Twenty-four hours later SCID
mice were challenged with B. pertussis BPSM and CFU counts were measured in the lungs (a, ¢) and the noses (b, d) of the mice which had
received the serum (a, b) or the splenocytes (c, d). N =3 for the 3 h time point and N =5 for the day 7 time point. Bars represent mean values
and graph represents data combined from three independent experiments. *p < 0.05 and ***p < 0.001 by two-way ANOVA and Bonferroni post

hoc test

Long-term persistence of BPZE1-induced protection in the nasal
cavity

In order to study the persistence of BPZE1-induced protection in
the nasal cavity, Balb/c and C57BL/6 mice were vaccinated with a
single dose of BPZE1 and challenged with virulent B. pertussis
10 months after vaccination. Significant protection against nasal
colonization by B. pertussis was still observed for both mouse
strains 10 months after vaccination (Fig. 6a, ), although long-term
protection appeared to be stronger in Balb/c mice than in C57BL/6
mice. However, when NWs from Balb/c or C57BL/6 mice
vaccinated 10 months earlier were transferred intranasally into
naive mice prior to challenge, no difference in bacterial burden
was observed 7 days after challenge between mice that had
received NWs from vaccinated mice and those that had received
NWs from naive mice (Fig. 6b, d). Furthermore, B. pertussis-specific
IgA had dropped to background levels 10 months after BPZE1
vaccination (Supplementary Figure 5A). Together, these observa-
tions are consistent with the notion that IgA are relatively short-
lived,?" but that, in contrast, the memory of mucosal immunity is
long-lived.??

BPZE1 induces resident memory T cells in the nose

Virulent B. pertussis infection has been shown to induce resident
memory T (Trm) cells in the lungs of mice.?* As these cells are long
lived and can rapidly expand upon secondary antigen encounter,
they may be the prime candidates to sustain mucosal immune
memory. We therefore examined the ability of BPZE1 to induce
Trm cells in the nose. The numbers of Trm cells, as defined by the
CD41CD691CD103" phenotype were increased 14 days after
BPZE1 administration in both Balb/c and C57BL/6 mice (Fig. 7a, b).
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Furthermore, the Trm cells produced IL-17 and, to a lesser extent,
IFN-y (Fig. 7¢, d).

BPZE1-induced nasal protection depends on IL-17

Since BPZE1 induces IL-17-producing Trm in the noses of mice, we
next determined the role of IL-17 in BPZE1-mediated nasal
protection. We thus vaccinated /177~ mice with BPZE1 and
measured the bacterial load in the noses 3h and 7 days after
challenge with virulent B. pertussis BPBCTA1. All mice, vaccinated
or not, contained comparable amounts of BPBCTA1 bacteria in the
nose 3 h after infection. At day 7 after infection, the vaccinated
11777~ mice carried significantly more BPBCTA1 organisms in their
noses than the vaccinated C57BL/6 mice (Fig. 8). Anti-B. pertussis
IgA levels in the NWs of BPZE1-vaccinated //17 '~ mice were
substantially reduced (Supplementary Figure 5B). However,
protection was not completely abolished by the lack of IL- 17
since compared to the non-vaccinated animals, vaccinated /17~
mice still contained approximately two orders of magnitude less
CFU in their noses at da)/ 7 after infection, as was also seen in the
Pigr’~ and in the IgA mice (Fig. 8).

DISCUSSION

Pertussis is essentially an upper respiratory disease, and the
bacteria can be found in large numbers mostly between the cilia
on the surface of the epithelial cells lining the trachea,’ although
in severe cases patients may suffer from bronchopneumonia,
which may be due to secondary infections or to B. pertussis itself.>*
Bordetella pertussis initiates its infection by attachment to the
epithelial cells of the upper airway, thereby qualifying it as a
typical mucosal pathogen. Therefore, it would be expected that

Mucosal Immunology _#############HH####E_
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Fig. 4 Antibody titers in nasal washes and protection by passive transfer of nasal washes against nasal colonization by B. pertussis. Groups of
C57BL/6 and C57BL/6 Pigr '~ mice were vaccinated with BPZE1 or left unvaccinated (naive) as indicated. Four weeks later, mice were sacrificed
and nasal washes were collected. Total IgG (a) and IgA (b) titers were measured against BPSM lysate. N = 5. The nasal washes were transferred
intranasally into naive C57BL/6 mice, followed by challenge with 5 x 10* CFU virulent B. pertussis BPSM. CFU levels were measured in the nose
at the indicated time points (c). N =3 for the 3 h time point and 5 for the day 7 time point. Bars represent mean values and graph represents
data combined from three independent experiments ***p < 0.001 by two-way ANOVA and Bonferroni post hoc test
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Fig. 5 BPZE1-induced protection against nasal colonization by B.
pertussis in C57BL/6 mice and IgA~'~ and Pigr~’~ strains. Groups of
C57BL/6, C57BL/6 IgA~'~, and C57BL/6 Pigr "~ mice were vaccinated
with BPZE1 or left unvaccinated (naive) as indicated, and 8 weeks
later, mice were challenged with B. pertussis BPBCTA1 and CFU levels
were measured in the nose at the indicated time points. N=3 for
the 3h time point and N=5 for the other time points. Bars
represent mean values and graph represents data from a
representative experiment. ***p <0.001 by two-way ANOVA and
Bonferroni post hoc test
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the mucosal immune responses influence the outcome of the
infection. However, surprisingly, most studies on adaptive
immunity to pertussis have initially focused first on serum
antibody responses, and then on circulating T cells in humans
and splenocytes in mice.?® Mucosal antibody and T cell responses
have so far attracted comparably little attention, although SIgA
have been detected in mucosal secretions of B. pertussis-infected
humans,?® and previous studies have suggested that they may
contribute to protection.”” However, in other studies B. pertussis
antigens formulated with mucosal adjuvants and delivered nasally
to induce SIgA in mice did not confer better protection than when
delivered parenterally.>® Furthermore, using IgA~'~ mice it has
been suggested that IgA are not critical for protection of mice
against nasal colonization by B. pertussis, although they appeared
to be involved in reducing nasal infection, but not lung infection,
by closely related Bordetella bronchiseptica®® However, more
recently, Raeven et al.*® have shown that pulmonary immuniza-
tion with pertussis outer membrane vesicles induced superior
protection than subcutaneous immunization and this was related
to mucosal IgA and Th17 cell induction. The same authors have
shown that mucosal IgA and Th1/Th17 cells are also induced by
experimental infection of mice with virulent B. pertussis,*° and
Th1/Th17 cells have been demonstrated to be crucial for
protection induced by infection.3' Furthermore, Wilk et al.>* and
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Fig. 6 BPZE1-mediated long-term protection against nasal colonization by B. pertussis in Balb/c and C57BL/6 mice. Groups of Balb/c and
C57BL/6 mice were vaccinated with BPZE1 or left unvaccinated (naive) as indicated. Ten months later, mice were challenged with B. pertussis
BPBCTA1 and nasal CFU levels were measured at the indicated time points in Balb/c (a) and C57BL6 (c) mice. Ten months after vaccination,
mice were sacrificed and nasal washes were collected and transferred intranasally into naive Balb/c (b) or C57BL/6 (d) followed by challenge
with 5 x 10* CFU virulent B. pertussis BPSM. CFU levels were measured in the nose at the indicated time points. N = 3 for the 3 h time point and
N =5 for the other time points. Bars represent mean values and graph represents data from a representative experiment. ***p < 0.001 and **p

<0.01 by two-way ANOVA and Bonferroni post hoc test

Misiak et al.3? have reported that infection with virulent B. pertussis
induces tissue-resident IL-17-producing CD4 and y& T cells in the
lungs of mice. However, all these studies examined pulmonary or
systemic T cell or IgA responses, and none of them addressed the
responses in the nasal cavity.

Here, we found that aPV given subcutaneously protected mice
very well against B. pertussis colonization of the lungs, although it
did not induce any appreciable levels of serum IgA. In contrast,
aPV provided no protection against B. pertussis colonization in the
nasal cavity of the mice. This is reminiscent with what has been
reported in the baboon model.'? It is also consistent with
epidemiological studies in humans indicating that the currently
used pertussis vaccines do not prevent nasopharyngeal B. pertussis
infection and transmission.>® Incidentally, this may be the main
reason for the failure of cocoon vaccination strategies to protect
newborns against pertussis, even in settings in which these
strategies have been successfully implemented.®*

In contrast to aPV, a single dose of BPZE1 delivered nasally
induced serum and local anti-B. pertussis IgA responses in addition
to serum IgG and provided strong protection against B. pertussis
colonization of both the lungs and the nose. This is in contrast to a
previous study showing that prior infection with B. pertussis did
not prevent subsequent nasal colonization by the same organ-
ism.?® The reasons for these conflicting findings are not known,
but may potentially be due to the fact that we used the
genetically attenuated BPZE1 strain, whereas in the previous
study, virulent B. pertussis was used for the initial infection.
However, our findings are consistent with our previous study
showing BPZE1-induced protection against nasal infection in
baboons,'® in contrast to aPV.'?

In the mice, the nasal anti-B. pertussis IgA induced by BPZE1
were genuine SIgA, as they were not induced in Pigr’'~ mice,
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lacking the secretory component and therefore unable to actively
secrete IgA into the mucosal lumen. Consistent with a previous
study,> BPZEl-induced or aPV-induced serum antibodies and
splenocytes were able to transfer a significant level of protection
against pulmonary infection by B. pertussis to naive mice. We have
previously shown that BPZE1-mediated protection by passive
transfer of splenocytes is essentially due to CD4" T cells.®
However, here we found that none of them transferred any
detectable level of protection against nasal colonization. Sig-
nificant protection against nasal colonization could only be
transferred by NWs from BPZE1-vaccinated mice. Again, this
depended on SIgA, as NWs from BPZE1-vaccinated Pigr~/~ mice
did not transfer protection. Consistently, BPZE1 failed to protect
against nasal B. pertussis infection in Pigr~’~ and in IgA~’~ mice,
indicating that both the IgA isotype and their active transport into
the airway lumen are required for protection against nasal
carriage.

Mathematical modeling studies have concluded that asympto-
matic carriage and transmission of B. pertussis may be the most
parsimonious reason for the current resurgence of pertussis in
high vaccine coverage countries."’ Our data suggest that in order
to prevent asymptomatic carriage and consequently transmission
of B. pertussis, the induction of potent SIgA responses in the naso-
pharynx may be required, and that this can be achieved by nasally
delivered live attenuated pertussis vaccines, such as BPZET.
However, compared to IgG, IgA have a relatively short half-life,'
and an additional major problem of the current pertussis vaccines
is the short duration of immunity elicited.>® We have previously
shown that a single nasal dose of BPZE1 induces very long-lived
protection against lung colonization by B. pertussis.>’ Here we
show that it also induced long-term protection against nasal
infection, as 10 months after a single nasal dose of BPZE1 the mice
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Fig. 7 Tissue-resident memory T (Trm) cells in nasal tissue post infection with BPZE1. C57BL/6 and Balb/c mice were infected intranasally with
10° CFU BPZE1. Prior to (naive) and 14 days post infection (d14), mice were i.v. injected with anti-CD45-PE antibody 10 min before euthanasia.
Nasal tissue was taken and the T cell response was analyzed by flow cytometry. Only tissue-resident cells (CD45-PE negative) were included in
the analysis. a Absolute counts of CD4* Trm (CD45~, CD44*, CD69", CD103", CD4 ™), b percentages of Trm (CD45—, CD44%, CD69, CD103™)
of total CD4™" T cells, ¢ absolute counts of IL-17-producing CD4" Trm, d absolute counts of IFN-y-producing CD4* Trm. The lines indicate the

means, the error bars show the SD
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Fig. 8 BPZE1-mediated protection against nasal colonization by B.
pertussis in C57BL/6 and 1117/~ mice. Groups of C57BL/6 and C57BL/
6 11177/~ mice were vaccinated with BPZE1 or left unvaccinated
(naive) as indicated. Eight weeks later, mice were challenged with B.
pertussis BPBCTA1 and CFU levels were measured in the nose at the
indicated time points. N = 3 for the 3 h time point and N =5 for the
day 7 time point. Bars represent mean values and graph represents
data from a representative experiment. ***p <0.001 by two-way
ANOVA and Bonferroni post hoc test

still showed significant protection against nasal carriage. In
contrast, NW harvested 10 months after vaccination failed to
transfer any significant level of protection against nasal coloniza-
tion, and B. pertussis-specific IgA levels in the NW had fallen to
background levels 10 months after BPZE1 vaccination.

These observations indicate that in spite of the relatively fast
IgA decay in the naso-pharynx, mucosal immune memory persists
for a long time, potentially due to long-lived local IgA plasma
cells.?? In order for these cells to produce the B. pertussis-specific
IgA upon challenge infection, they are likely to require help from
memory T cells. IL-17-producing Th17 cells have been implicated
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in both the IgA switch of plasma cells*® and the induction of
plgR,*> thereby optimizing SIgA production. We found that BPZE1
induces IL-17-producing CD41CD441CD69" Trm cells in the nose
and that //777/~ mice were much less protected against nasal
infection by B. pertussis upon BPZE1 vaccination. Furthermore,
their level of specific IgA in the NWs was much reduced, compared
to the NWs of BPZE1-vaccinated wild-type mice. These observa-
tions suggest thus that BPZEl-induced protective SIgA s
dependent on IL-17-producing Trm cells. As they are long lived,
it is therefore likely that these cells participate in sustaining BPZE1-
induced immune memory against nasal infection. In that regard, it
is interesting to note that the long-term protection offered by
BPZE1 vaccination against nasal infection was stronger in Balb/c
mice than in C57BL/6 mice (see Fig. 63, c), which is in line with the
recent observation that spleenocytes from Balb/c mice produce
more IL-17 upon stimulation with B. pertussis antigens than
splenocytes from C57BL/6 mice.*°

Long-lived IL-17-producing Th17 memory T cells have also been
detected in the respiratory mucosa of B. pertussis-infected
baboons,*’ suggesting that the observations made in the mouse
model can also be extended to primates. The B. pertussis-specific
IL-17-producing memory T cells persisted for at least 2 years after
infection of the baboons. We have recently found that BPZE1 can
also induce IL-17 responses in baboons and that high levels of
antigen-specific Th17 cells were associated with high IgA
responses against the surface antigen pertactin and strong
sterilizing immunity in the baboon naso-pharynx (CL, unpub-
lished). It is not yet known whether BPZE1 also induces local Th17
lymphocyte responses in the naso-pharynx of humans. However,
ex vivo studies have shown that BPZE1 can stimulate human
monocyte-derived dendritic cells towards a Th17-polarizing
phenotype, in a T cell-contact-dependent manner,** which was
shown to influence antiviral immune responses.*®

In conclusion, we have found that, in contrast to aPV, BPZET, in
addition to protection against lung colonization, induces strong
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protective immunity against nasal colonization by B. pertussis.
BPZE1-mediated protection was dependent on the induction of
specific SIgA secreted into the nasal cavity and on IL-17, most
likely produced by Trm cells that appear to play a key role in
sustaining mucosal adaptive immune memory elicited by nasal
vaccination with BPZE1. Since the two major limitations of the
current aPV are their inability to prevent B. pertussis infection and
transmission and their short-lived immunity elicited, a vaccine,
such as BPZE1, that provides both potent SlgA-based mucosal
immunity in the naso-pharynx and that induces strong and long-
lasting local Th17 cell-based memory has the potential to be a
major tool for the ultimate control of whooping cough.

METHODS

Bacterial strains and culture conditions

Bordetella pertussis BPZE1,'®> BPSM,** and BPBCTA1, a BPSM
derivative containing pFUS2 integrated in the bctAT gene,* used
in this study, were cultured at 37 °C on Bordet-Gengou (BG) agar,
supplemented with 1% glycerol and 10% defibrinated sheep
blood, as described.'® After growth, the bacteria were harvested
by scraping the plates and resuspending them in phosphate-
buffered saline (PBS) at the desired density. When required,
streptomycin was used at 100 pg/ml and gentamycin at 10 pg/ml.

Protection experiments
Balb/c and C57BL/6 mice were purchased from Charles Rivers,
IgA™'=% 47 and Pigr~'~ mice*® came from University of Zaragoza,
and the SCID and 117~/ mice were provided by Institute Pasteur
of Lille. To determine the BPZE1-protective efficacy, eight 6-week-
old wild-type mice were intranasally vaccinated with 10° viable
BPZE1 or vaccinated subcutaneously with 1/5 of the human dose
of aPV (Infanrix”, GlaxoSmithKline) and boosted 4 weeks later with
the same dose, as described previously.'”> Unvaccinated mice
served as control. Eight weeks after the first vaccination, the mice
were challenged intranasally with 10° CFU of virulent BPSM or
BPBCTAT1. Three hours post challenge (day 0), 3 mice per group
were sacrificed, and their lungs were harvested and homogenized
for CFU measurement by plating 10-fold serial dilutions onto BG
agar plates containing 10ug/ml gentamycin, as previously
described.”® In parallel, the noses of the mice were harvested as
follows. Euthanized mice are put on their backs. After pulling off
the nostril skin with tweezers, an incision was made on each side
of the head between the nostrils and the cheeks and following the
side of the head up to the neck to remove the skin from the top of
the head. Then, an incision was made on each side of the head to
cut and remove the lower jaw. Finally, incisions at the base of the
palate and on each side of the head were made to remove the
part of the head containing the nasal cavities. Residual skin, eye-
ball, and cheek muscle were carefully removed from the recovered
tissues. The remaining material was then homogenized and plated
out in serial dilutions as described above for the lungs.'® Five mice
per group were then treated similarly at the indicated time points.
For long-term protection experiments, eight 6-week-old mice
were vaccinated with 10° CFU BPZE1 or left unvaccinated to serve
as control. Ten months later, mice were challenged intranasally
with 10°CFU of virulent BPBCTA1 and bacterial load load was
measured as described above at 3 h and 21 days post infection.

Passive transfer experiments

Groups of eight 6-week-old Balb/c mice were vaccinated with
BPZE1 or aPV as described above. Eight weeks after the first
vaccination, the mice were euthanized, and spleen and blood
were collected. Splenocytes and sera were purified as described
elsewhere before.*” One hundred microliters of serum or 5 x 10’
total spleen cells were transferred intraperitoneally into SCID mice,
which were challenged intranasally with 10°CFU of virulent
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BPBCTA1 24 h later. CFUs were measured at the indicated time
points in the lungs and noses as described above.

For passive transfer of mucosal antibodies, eight 6-week-old
mice were vaccinated intranasally by BPZE1 or left unvaccinated.
Four weeks or 10 months later, the mice were euthanized and the
NW were harvested by flushing PBS with a cocktail of anti-
proteases complete mini (Roche) through the nose and concen-
trating the washes by using 10-kDa cut-off Amicon® Ultra columns
(Millipore) following the manufacturer’s instructions. Five micro-
liters of the concentrated NW was then transferred intranasally
into the noses of 6-week-old naive C57BL/6 mice, followed by
intranasal challenge with 5x10%CFU virulent BPSM and CFU
counting in the nose 3 h and 7 days post challenge as described
above. We used an approximately 10-fold lower challenge dose
compared to the other challenge experiments, as due to the low
amount of antibodies in the NW, a high challenge dose would
have been too overwhelming to see a potential protective effect
of NW antibodies.

Antibody titer determination

To determine antibody titers in the sera and NWs, standard
enzyme-linked immunosorbent assay (ELISA) protocols were used.
Briefly, 96-well plates (Nunc) were coated with 1 g per well of
total B. pertussis BPSM lysate or 1 ug per well PTX, FHA, or pertactin
and then blocked with 2% bovine serum albumin in PBS/0.5%
Tween. BPSM lysates were prepared from a 200-ml bacterial
culture grown in Stainer Scholte medium until stationary phase.
The bacteria were then harvested by centrifugation, resuspended
in 10ml PBS with a cocktail of anti-proteases complete mini
(Roche), and lysed by serial passages through the French press.
The protein concentration was quantified using BCA test (Thermo
Fisher) following the manufacturer's instructions. The coated
plates were then incubated for 2 h at 37 °C with serum or NW
samples in twofold serial dilutions in PBS/0.5% Tween. After three
washes with PBS/0.5% Tween, horse radish peroxidase (HRP)-goat
anti-mouse IgG (1:5000) (Sigma), HRP-goat anti-mouse IgA (1:500)
(Sigma), HRP-goat anti-mouse IgG1 (1:1000) (Southern Biotech), or
HRP-goat anti-mouse IgG2a (1:20,000) (Southern Biotech) was
added and the plates were incubated at room temperature for 1 h.
After washing five times with PBS/0.5% Tween, the reaction was
developed by using TMB (Interchim) and 1 M HsPO, and the plates
were read using BioTek ELx8000.

Determination of IL-17 secretion after antigen stimulation

Lung cells were prepared from lung homogenates by Percoll
gradient centrifugation and resuspended in RPMI medium
containing 10% fetal calf serum. Total splenocytes were isolated
as described."® The cells were then stimulated for 72 h with 1 pg of
PTX, FHA, or pertactin at 37 °C and 5% CO,. The supernatants were
then harvested and IL-17A was measured by ELISA using the
mouse IL-17A ELISA Kit (Mabtech, Sweden).

Isolation and flow cytometry analysis of cells from nasal tissue

Ten minutes before euthanasia, mice were intravenously injected
with 7.5 ug anti-CD45-PE antibody (ebiosciences) to allow for the
distinction of circulating T cells (CD45-PE positive) and resident
T cells (CD45-PE negative). Nasal tissue was scraped from the nasal
cavity, digested with collagenase-D (1 mg/ml; Roche) and DNase |
(10 mg/ml; Sigma-Aldrich) for 1 h at 37 °C with agitation, and then
passed through a cell strainer. Cells were stimulated with phorbol
myristate acetate (PMA) (50 ng/ml) and ionomycin (500 ng/ml) in
the presence of brefeldin A (5mg/ml) for 4h at 37°C. After
incubation with LIVE/DEAD Aqua (Invitrogen), cells were surface
stained with the following fluorochrome-conjugated antibodies:
CD69-FITC, CD8-AF700, CD3-APC-ef780 (eBiosciences), CD44-
BV605, CD4-BV785 (BioLegend), and CD103-PE-CF594 (BD Bios-
ciences). For the detection of intracellular cytokines, cells were
fixed and permeabilized using a FoxP3 Transcription Factor
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staining buffer set (ebiosciences), and stained with the following
antibodies: IL-17-V450 (BD Biosciences) and IFN-y-PE-Cy7 (ebios-
ciences). Fluorescence minus one samples were used as controls.
Fluorescence-activated cell sorting samples were acquired on a
LSR Fortessa using the BD Diva Software (BD Biosciences) and
analyzed using the Flowjo Software (v10, TreeStar).

Statistical analyses

Statistical analyses were performed by one-way analysis of
variance (ANOVA) or two-way ANOVA and Bonferroni post hoc
test using the GraphPad Prism software. P values <0.05 were
considered significant.
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