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Less reactogenic whole-cell pertussis vaccine confers protection

from Bordetella pertussis infection
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ABSTRACT Pertussis resurged over the last decade in most countries that replaced
the traditional whole-cell pertussis vaccines (wP) by the less reactogenic acellular
pertussis vaccines (aP). The aP vaccines induce a Th2-polarized immune response
and by a yet unknown mechanism hamper the clearance of Bordetella pertussis from
infected nasopharyngeal mucosa. The aP-induced pertussis toxin-neutralizing antibodies
effectively prevent the life-threatening pertussis pneumonia in infants, but aP-elicited
immunity fails to prevent infection of nasopharyngeal mucosa and transmission of
B. pertussis. In contrast, the more reactogenic traditional wP vaccines, alike natural
infection, elicit a broad antibody response and trigger a Th1/Th17-polarized T cell
immunity. We tackled here the reactogenicity of the conventional wP vaccines by genetic
modification of the Fim2 and Fim3-producing B. pertussis strains used for wP vaccine
manufacturing. Mutations were introduced into the genomes of vaccine strains (i) to
reduce the TLR4 signaling potency of the lipid A of B. pertussis lipooligosaccharide
(AlgmB), (ii) eliminate the enzymatic (immunosuppressive) activity of the pertussis toxin
(PtxS1-R9K/E129G), and (iii) ablate the production of the dermonecrotic toxin (Adnt).
Experimental alum-adjuvanted wP vaccines prepared from such triply modified bacteria
exhibited a reduced pyrogenicity in rabbits and a reduced systemic toxicity in mice, while
conferring a comparable protection from B. pertussis infection as the unmodified wP
vaccine.

IMPORTANCE The occasionally severe adverse reactions associated with some lots of
the whole-cell pertussis vaccine (wP) led the industrialized nations to switch to the use
of less reactogenic acellular pertussis vaccines that confer shorter-lasting protection. This
yielded whooping cough resurgence and large whooping cough outbreaks are currently
sweeping throughout European countries, calling for the replacement of the pertussis
vaccine component of pediatric hexavaccines by an improved wP vaccine. We show that
genetic detoxification of the Bordetella pertussis bacteria used for wP preparation yields
a reduced reactogenicity wP vaccine that exhibits a reduced systemic toxicity in mice
and reduced pyrogenicity in rabbits, while retaining high immunogenicity and protective
potency in the mouse model of pneumonic infection by B. pertussis. This result has now
been confirmed in a nonhuman primate model of B. pertussis infection of olive baboons,
paving the way for the development of the next generation of pertussis vaccines.

KEYWORDS Bordetella pertussis, whooping cough, whole-cell vaccine, reactogenicity,
immunogenicity, protection, pertussis toxin, dermonecrotic toxin, lipooligosaccharide

ertussis, or whooping cough, is a highly contagious respiratory illness caused
by Bordetella pertussis and less frequently by the human-adapted B. parapertus-
sisyy coccobacillli (1). Since the upper airway infection by B. pertussis can rapidly
progress into a potentially fatal pertussis pneumonia in infants, pertussis used to be
the prime cause of infant mortality in developed countries prior to the introduction
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of whole bacterial cells-based pertussis (wP) vaccines (2, 3). The widespread use of
wP yielded a dramatic decrease in whooping cough incidence even if B. pertussis
continued to circulate to some extent despite vaccine coverage approaching ~86% of
the global population (https://www.who.int/teams/immunization-vaccines-and-biologi-
cals/diseases/pertussis). Persisting as the least-controlled vaccine-preventable pediatric
infectious disease, pertussis is estimated to still account annually for over 150,000 deaths
of the youngest unvaccinated or incompletely vaccinated infants and for dozens of
millions of whooping cough cases worldwide (4-7).

The occasional severe adverse reactions due to high endotoxin content in some wP
vaccine lots (8-12) led to a decline in public acceptance of the wP vaccines in high-
income countries in the 1970s (13, 14). Therefore, less reactogenic acellular pertussis
vaccines (aP) were developed in the 1980s, containing only 1-5 purified B. pertussis
antigens (e.g., chemically or genetically inactivated pertussis toxin [PT], filamentous
hemagglutinin [FHA], pertactin [PRN], and serotype 2 and 3 fimbriae [FIM2/3]). Start-
ing from 1998, the aP vaccines progressively replaced the wP vaccine in high-income
countries, conferring effective protection from pertussis pneumonia in infants and
maintaining pertussis-related mortality very low. However, within a decade from the wP
to aP switch, and despite the introduction of booster vaccination, most of the aP-using
countries experienced a resurgence of whooping cough outbreaks and a steady increase
of the basal inter-outbreak incidence of diagnosed pertussis cases (15-19). It appears,
hence, that the immune protection conferred by the aP vaccines wanes rapidly and
fails to restrict B. pertussis circulation in highly aP-vaccinated populations. In line with
that, aP-vaccinated nonhuman primates (Papio anubis olive baboons) were not only
found to clear a high-dose B. pertussis infection from the upper airways notably slower
than unvaccinated control animals, but the aP-vaccinated baboons could also effectively
transmit B. pertussis infection onto both naive and aP-vaccinated cage mates (20, 21).

Moreover, it has been observed early on that the alum-adjuvanted wP and aP
vaccines trigger a strikingly different polarization of T cell immune responses in
mice (22-24). Whereas the wP triggers a Th1/Th17-polarized immune response, a Th2
polarization of immune responses was observed in aP-vaccinated mice, baboons, and
children (20-28).

Following the resurgence of pertussis in countries that introduced the aP vaccine,
the WHO recommended in 2014 that national programs administering wP vaccination
should continue to use wP vaccines for primary vaccination series (29). The currently
occurring pertussis outbreaks in most highly aP-vaccinated populations of high-income
countries raise the question of reformulation of the pediatric hexavaccine and replace-
ment of its aP component by a wP component exhibiting an acceptable reactogenic-
ity profile. Therefore, we examined here if the reactogenicity of the wP vaccine can
be reduced by targeted modification of the bacteria used for vaccine manufacturing
without compromising the protective potency of the resulting wP vaccine.

RESULTS

Genetically detoxified wP vaccine confers high level of protection from lung
infection

To construct a wP vaccine exhibiting a reduced reactogenicity (RRwP), we took
advantage of low passage stocks of the fully sequenced Fim2 (VS67) and Fim3 (VS377)
serotype B. pertussis strains that were used in manufacturing of the Czechoslovak DTwP
vaccine (30-32). Marker-less modifications were introduced into the chromosomes of
the VS67 and VS377 strains by allelic exchange to generate a series of B. pertussis
strains carrying mutations in virulence genes individually, or in combination. Confirmed
mutants were then used to prepare experimental lots of nonadjuvanted wP vaccines
that were pre-screened (data not shown) for potential pyrogenicity in vitro according
to the ICCVAM-Recommended protocol for assessment of potential pyrogenicity of
pharmaceutical products based on IL-6 release from MM6 cells (https://ntp.niehs.nih.gov/
sites/default/files/iccvam/docs/protocols/pyro-mmé6il6.pdf).
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The finally retained VS67- and VS377-derived triply modified (3M) strains had each
a combination of three modifications that comprised: (i) a Adnt deletion of the BP3439
gene encoding the neurotropic heat-labile dermonecrotic toxin (33); (ii) a deletion of the
BP0398 gene (AlgmB) required for the glucosyl transferase modification of the phosphate
groups of lipid A by glucosamine and thereby for enhancement of the TLR4-activating
endotoxic potency of the lipooligosaccharide (LOS) of B. pertussis (34-36); and (iii)
mutations in the BP3783 gene (ptxA) that introduce the R9K and E129G substitutions
(R43K and E163G in the unprocessed PtxA) into the PtxA subunit of pertussis toxin,
ablating the ADP-ribosylating enzyme activity of its S1 subunit (37, 38). These two 3M
strains were next formulated into an experimental RRwP vaccine to evaluate in vivo its
overall toxicity, pyrogenicity and protective potency in rodents.

First, the protective antigenicity of wPs made from the modified 3M bacteria was
compared to that of wP made from wild-type (WT) VS67 and VS377 bacteria. All strains
for experimental wP vaccine formulations were grown under identical conditions and
the bacterial cells were inactivated overnight at 37°C with 53.3 mM (0.16% [wt/ol])
formaldehyde. The Fim2 and Fim3-producing bacteria were mixed in a 1:1 ratio into the
WT or 3M biomass stocks, which were then formulated with alum (0.62 mg/mL) into the
experimental WT or 3M wP (e.g., the RRwP) vaccines. Concentrations of the vaccines were
adjusted to 1/4 of human dose (HD) per 0.5 mL in PBS with alum and BALB/c mice were
immunized by two consecutive 0.5 mL doses administered intraperitoneally 14 days
apart. Three weeks after the second vaccination the animals were infected intranasally
with 10° CFU of B. pertussis Tohama | bacteria in 50 L of suspension and bacterial
counts in the lungs of infected mice were followed over time. As documented in Fig.
1, in the lungs of naive mock-immunized mice that received only PBS with alum, the B.
pertussis counts increased by two orders of magnitude within 3 days post infection. In
contrast, mice immunized with 1/4 of HD of either the WT wP or the 3M wP vaccine
controlled the lung infection equally effectively within 3 days and cleared the infection
by day 7 post challenge. In a two-way comparison, the immunization with the WT and
3M wP vaccines reproducibly conferred an equally high level of protection. Compared
to the nonimmunized animals, a drop of bacterial loads by about a half of an order
of magnitude was observed in the lungs of WT or 3M wP-vaccinated mice already as
early as 2 h after challenge, which was likely due to opsonophagocyting killing of the
bacteria. The experimental WT wP and 3M wP vaccines thus exhibited an at least as high
protective efficacy in the mouse pneumonic infection model as that reported previously
for commercial preparations of wP vaccines formulated into the licensed combination
vaccines (39, 40).

Genetic detoxification importantly reduces toxicity and pyrogenicity of the
wP vaccine

The experimental WT and 3M vaccines exhibited a striking difference in systemic toxicity
that could be readily observed by visual inspection of the health status of immunized
animals. Mice that received 1/4 HD of the WT wP vaccine were visibly moribund, had
shaggy bristled fur and occasionally succumbed within a day or two after immunization.
Such high toxicity of the WT wP vaccine was not unexpected, as the bacteria used for
preparation of the experimental wP vaccines were grown in standard Stainer-Scholte
media (SS medium) and neither removal of free lipooligosaccharide (LOS), as used in
commercial wP vaccine manufacturing, nor heat-inactivation of DNT in the WT wP
vaccine was performed. In contrast, the 3M vaccine was clearly much less toxic and did
not elicit noticeable morbidity or death of animals immunized with 1/4 HD of the 3M wP
vaccine. However, even the 3M wP vaccine prepared from bacteria grown in SS medium
did not consistently pass the WHO recommended systemic toxicity test for wP vaccine lot
release (WHO technical report series Annex 6, WHO /IVB/11.11, 2013). Therefore, growth
medium and culture optimization was undertaken and a buffered Verwey-derived
culture medium containing starch and named BioR was used to prepare new experimen-
tal WT and 3M wP vaccine lots. As shown in Fig. 2, compared to wP vaccines prepared
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FIG 1 The modified and unmodified wP vaccines confer equal protection from B. pertussis infection.
Groups of BALB/c mice were immunized intraperitoneally twice at 14-day interval with 1/4 HD of either
3M or WT wP vaccines admixed with alum. Mock-treated control mice received only PBS with alum
(0.208% [wt/vol]). Three weeks after the second dose, mice were challenged intranasally with 10° CFU of
B. pertussis CIP 81.32 (Tohama I) bacteria administered in 50 uL. Mice were euthanized at indicated time
points, lungs were aseptically removed, and serial dilutions of lung homogenates were plated on BGA
plates for CFU enumeration. Data from three independent experiments with six mice per group and time
point were pooled and geometric means of CFU values were calculated. The dashed line indicates the
limit of detection (10" CFU). Two-way test ANOVA followed by Sidak's multiple-comparison test was used
to analyze statistical significance between groups. Only significant differences are indicated. *P < 0.05;
**¥*p < 0.0001.

from bacteria grown in SS medium, the bacteria grown in the BioR medium yielded WT
and 3M wP vaccines that were importantly less toxic and passed the mouse weight gain
test (MWGT) assay for systemic toxicity. Mice that received 1/2 HD of either the WT wP or
3M wP vaccine lost weight 16 h after immunization but exhibited a positive weight gain
at 72 h after vaccine administration and 7 days after immunization gained more than
60% of the mean weight gain of control animals that received PBS only (Fig. 2).

Therefore, the pyrogenicity of the WT and 3M wP vaccines prepared from bacteria
grown in the BioR medium was assessed in female HIL rabbits with implanted body
temperature data loggers (DST micro-T, Star-Oddi) by the method of Kaaijk and collea-
gues (41). Body temperature was recorded in 10 min intervals with a precision of +0.1°C
for 3 days before and 3 days after intramuscular immunization with 0.5 mL containing 1
HD of the 3M or WT wP vaccine. In total four experiments with groups of four rabbits per
vaccine were performed and yielded a clear and statistically significant difference in the
pyrogenicity of the two vaccines, as shown in Fig. 3. Considering the circadian oscillation
of body temperature of the animals and compared to controls that received only PBS
with alum, the administration of the WT wP vaccine provoked on average an increase of
the mean body temperature of immunized animals by 0.5°C within 8-10 h from vaccina-
tion with a return of the body temperature to the basal level occurring within another 8-
14 h on average (Fig. 3A). In contrast, administration of the 3M wP vaccine elicited a
notably milder elevation of body temperature by only about 0.25°C on average, exhibit-
ing a slower onset and a faster return of the body temperature to the basal level (Fig. 3A).
Hence, the 3M wP vaccine was remarkably less toxic than the WT wP vaccine upon
intraperitoneal administration in mice and it was significantly less pyrogenic upon
intramuscular administration in rabbits than the vaccine prepared from unmodified
bacteria (Fig. 3B).
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FIG2 The 3M wP vaccine is less toxic than the WT wP vaccine. Six BALB/c mice per group received intraperitoneally 1/2 HD of
the 3M or WT wP vaccine, with mock-treated control mice receiving PBS with alum (0.208% [wt/vol]). Weight gain of mice was
determined at indicated time points to monitor vaccine toxicity (WHO Technical report series Annex 6, WHO/IVB/11.11, 2013).

Results of mean weight gain from one representative experiment out of three performed is shown.

The 3M wP vaccine is comparably immunogenic as the unmodified WT wP
vaccine

To compare the immunogenicity of the 3M wP to that of the WT wP vaccine, groups
of BALB/c mice were immunized intraperitoneally twice with 1/4 of HD dose of the
vaccines, as above, and three weeks after the second dose cytokine responses of
splenocytes restimulated with B. pertussis antigens and serum antibody levels were
determined. As shown in Fig. 4, the WT and 3M wP vaccines induced comparable
levels of total B. pertussis-specific IgG antibodies, with a very low IgG1 isotype antibody
component and a high IgG2a antibody isotype level, suggesting Th1 polarization of the
induced immune response (21, 24). Th1 polarization was also clearly apparent from the
in vitro cytokine responses of splenocytes restimulated with heat-inactivated B. pertussis
total antigen. Compared to splenocytes from mock-treated mice that received only PBS
with alum, used to determine the baseline cytokine levels, the splenocytes from WT
or 3M wP-vaccinated mice responded with comparable levels of IL-10 and by very low
amounts of the Th2 cytokine IL-4 and no detectable IL-5 (Fig. 5). Splenocytes from both
vaccinated animal groups then produced comparably high amounts of the Th1 cytokines
IL-1B, IL-6, IFN-y, and TNF-a and of the IL-17 cytokine (Fig. 5). While the splenocytes
from WT vaccinated mice responded with somewhat higher cytokine production than
cells from the 3M-vaccinated mice, the differences in the Th1/Th17 cytokine production
between the groups were not statistically significant, documenting a high immunogenic-
ity of the 3M wP vaccine.

DISCUSSION

We report that genetic manipulation of the wP vaccine manufacturing strains of B.
pertussis yields a significantly less pyrogenic and importantly less toxic wP vaccine
(RRwP). Compared to the unmodified wP vaccine, the detoxification of lipid A of LOS, the
ablation of the enzymatic activity of pertussis toxin and the deletion of the dermone-
crotic toxin gene did not compromise the protective capacity of the vaccine in the
mouse lung infection assay. Moreover, this result was corroborated in a parallel study
performed in the non-human primate model of olive baboon infection by B. pertussis
that most truly reproduces the human pertussis pathology (20, 21, 43, 44). For that study,
a cGMP batch of the 3M-based modified wP (RRwP) was formulated into an experimental
pediatric pentavaccine and proved to be equally efficient in protecting baboon wean-
lings from high dose intranasal B. pertussis infectious challenge as the commercial
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FIG 3 The 3M wP vaccine is less pyrogenic than the WT wP vaccine. (A) The pyrogenicity of the 3M and WT wP vaccines was compared as previously
described (41) using female HIL rabbits (2-3 kg) with surgically implanted temperature data loggers (DST micro-T, Star-Oddi, Iceland). Body temperature (Tb) was
continuously recorded every 10 min for 3 days prior to vaccination and 3 days after vaccination. On the day of immunization at 8:30 am (dotted vertical line),
groups of four rabbits received intramuscularly 1 HD of the WT or 3M wP vaccines in 0.5 mL, or PBS with alum [0.208% (wt/vol) AI(OH)3] as a control. Rabbits were
euthanized 3 days after immunization, data loggers were extracted, temperature recordings were read and moving average of body temperature in time was
calculated for each animal using a window of 4 h moving in 10 min intervals. Data from four experiments with four animals per treatment group were pooled and
curves corresponding to mean Tb with error envelopes representing the standard error of the mean (SEM) of the data points are shown (n =16 for WTwP, n =15
for 3M wP and n = 4 for PBS + alum). (B) The temperature response (ATb) was quantified for each rabbit as the difference between the mean Tb in the 6 to 14 h
post-injection interval and the baseline Tb, defined as the mean Tb from —2 to 0 h prior to immunization. Mean ATb values were calculated for each rabbit and
each treatment group (WT, 3M, and PBS + Alum), with bars representing group means and error bars showing SEM. Statistical analysis was performed using the
Sidak's test to compare ATb across groups, with significant differences indicated (*P < 0.05, ***P < 0.001).

wP-containing pediatric pentavaccine manufactured by the same process (45). Moreover,
the local adverse reactions elicited by the RRwP-containing experimental pentavaccine
were importantly milder at a comparable Th17-polarized immune response as that
induced by the commercial vaccine (45). These results thus rectify the previously
formulated concerns that reduction of the TLR4 signaling potency of the lipid A compo-
nent of LOS contained in the wP vaccine may compromise the immunogenicity and
protective efficacy of the vaccine (46).

Detoxification of the lipid A component of LOS of B. pertussis as a path to production
of less reactogenic wP vaccine was previously explored by Geurtsen and colleagues (34,
47, 48). Moreover, wP vaccines with reduced levels of endotoxin have previously been
successfully produced by extraction of LOS established by the national wP manufacturer
in Brazil and such wP vaccine was clinically tested in humans (49, 50). Heat-inactivated
suspensions prepared from natural B. pertussis isolates lacking the lgmB gene-dependent
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FIG 4 The 3M wP vaccine triggers comparable serum antibody responses as the WT wP vaccine. Mice were immunized with 1/4 HD of the 3M and WT wP
vaccine with mock-treated mice receiving PBS with alum [0.208%(wt/vol) Al(OH)s] as a control. Sera were collected 3 weeks after the second immunization by
retroorbital punction. Titers of B. pertussis-specific antibodies in individual sera were determined by whole-cell ELISA on plates coated with heat-inactivated B.
pertussis CIP 81.32 bacteria (42). Results represent mean antibody titers determined as inflection points of titration curves + SD. P < 0.05.
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FIG 5 The 3M wP elicits Th1/Th17-polarized immune responses like the WT wP vaccine. Splenocytes of mice immunized as above were collected 3 weeks

after the second vaccine dose and restimulated ex vivo with heat-inactivated B. pertussis cell antigen for 72 h. Sham stimulation with medium and nonspecific

polyclonal stimulation with phorbol myristate acetate (PMA) plus ionomycin were used as negative and positive controls, respectively. Supernatants of

splenocyte cultures from five mice per group were harvested and cytokine concentrations were determined using specific ELISA kits. Mean cytokine concentra-

tions + SD are shown. P < 0.05.

glucosamine modification of lipid A were previously found to exert reduced pyrogenicity
in the MM6 cell-based in vitro assay and exhibited a reduced capacity to promote
dendritic cell maturation, indicating that lack of glucosamine modification of lipid A may
impact the potency of the wP vaccine (46). We show that such concerns are not necessa-
rily founded.

We have developed the wP detoxification concept further by removing also the
enzymatic (cytotoxic) activity of the pertussis toxin by genetic modification that
preserves its protective immunogenicity (37, 38). This modification brings about
substantial easing of the vaccine manufacturing process as it eliminates the need for
performance of the CHO cell clustering assay used for quantification of the residual
pertussis toxin activity in wP vaccine lots prior to their release. Moreover, in line with
the ethical 3R requirements for handling of laboratory animals, the ablation of pertussis
toxin enzymatic activity also eliminates the need for the performance of leukocytosis
promotion test and of the histamine sensitization test, used for in vivo assessment of
the residual pertussis toxin activity contained in the produced wP vaccine as part of
the panel of the lot release assays. These assays alone require the sacrifice of about
100,000 animals annually in the wP manufacturing facilities (51). Hence, no need to
perform these assays with the here-described RRwWP vaccine represents a significant
ethical advance and production cost saving.
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Furthermore, the removal of the dnt gene from the genome of RRwP vaccine
manufacturing strains also eliminates the need for performance of the rather inhumane
heat-labile toxin test for residual dermonecrotic toxin activity in the wP vaccine lots that
is still performed on large numbers of 4-day-old suckling mice. Therefore, it is worth
noting that the here described genetic modifications of the wP manufacturing strains
yielding the RRwP vaccine open the way to an importantly more ethical manufactur-
ing of the wP vaccine for human use, significantly reducing the required numbers of
laboratory animals to be used in lot release assays, in line with the 3R requirements.

It has previously been established in infectious challenge experiments with wP-vac-
cinated mice and baboons that the wP vaccine induces a different profile of immune
responses and a superior protection of nasopharyngeal mucosa from B. pertussis
infection than the aP vaccine (21, 52-54). These conclusions have now been confirmed
for humans as well. Da Silva Antunes and colleagues (55) showed that primovaccination
of humans by the wP vaccine triggers a Th1/Th17-polarized immunity that can be well
boosted even by an aP vaccine decades later. In contrast, primovaccination by the
aP vaccine triggers a poorly boostable Th2-polarized immunity (21, 52-56). Moreover,
the natural infection or parenteral (e.g., i.m or i.p.) vaccination of mice with the wP
vaccine was found to induce formation of B. pertussis-specific IFN-y and IL-17-secreting
CD44* CD69" CD4*-resident memory T cells (Try) that home into airway mucosa and
respond to B. pertussis infection by secretion of IFN-y and IL-17 (52-54, 57, 58). These
Trwm cells were recently found to play a crucial role in the orchestration of early B.
pertussis clearance from the infected nasopharyngeal mucosa by IL-17-chemoattracted
Siglec F* neutrophils (52, 59). In contrast, aP vaccination was found to enable a persistent
B. pertussis infection of murine nasal cavity by precluding the expansion of protective
IFN-y/IL-17-secreting Tgm cells in response to infection (52, 60). These conclusions
reached in animal studies are now being validated by the results of aP vaccine boos-
ter studies in humans and baboons, revealing that the pediatric aP vaccine-triggered
immune polarization towards a Th2 type of immune responses persists for decades from
primovaccination (55, 56, 61, 62). Moreover, even repeated high-dose intranasal infection
of aP-primed baboons with B. pertussis did not trigger expansion of antigen-specific
Th1-polarized IFN-y-secreting CD4* T cells in the aP-vaccinated animals (63). Finally,
a recent study by McCarthy and colleagues showed that decades after having been
vaccinated as children, the wP-primed humans have importantly higher numbers of
pertussis antigen-specific Tgy cells in the upper airway mucosa than the aP-primed
individuals (62). These observations validate the conclusions reached from animal
studies also for aP vaccination of humans. Indeed, epidemiological evidence suggests
that aP-elicited immunity confers limited protection from infection of the nasopharynx
by B. pertussis and enables elevated rates of more-or-less asymptomatic and largely
undiagnosed pertussis transmission by highly aP-vaccinated individuals (4, 6, 64, 65).

These recent observations then provide strong support to the hypothesis that the
prime cause of pertussis resurgence in countries using the pediatric aP vaccine is the
immune mispriming by the aP vaccine towards a Th2-polarized type of immunity. This
would vyield a delayed clearance of infection, higher levels of B. pertussis proliferation
in the nasopharynx and more efficient aerosol-mediated transmission of B. pertussis
infection by the aP-vaccinated compared to wP-primed individuals. Indeed, de Graaf
and colleagues recently showed that human volunteers, primed as infants by the wP
vaccine and infected as adults intranasally with as much as 10° CFU of B. pertussis
bacteria, controlled the infection very efficiently (66-68). The infected volunteers did not
develop catarrhal pertussis symptoms, did not detectably shed B. pertussis bacteria and
did not transmit the infection onto close contacts, such as bedroom partners (66-68).
These observations collectively support the notion that returning to the use of safe and
efficient wP vaccines for immunization of infants would be a way to enhanced control of
pertussis in high-income industrialized countries that use the aP vaccine and currently
witness massive pertussis outbreaks.
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To conclude, we show in an animal model that the pyrogenicity and systemic toxicity
of the wP vaccine can be mitigated by genetic modification of the vaccine manufac-
turing strains without compromising the immunogenicity and protective efficacy of
such RRwP vaccine. The here-described RRwP vaccine thus calls for clinical evaluation
of pediatric hexavaccines containing a RRwWP component with an optimally reduced
reactogenicity and preserved protective immunogenicity.

MATERIALS AND METHODS
B. pertussis strains and growth conditions

The B. pertussis Tohama | strain was obtained from the Culture Collection of Institut
Pasteur (Paris, France) under the ref. No. CIP 81.32. The Czechoslovak wP vaccine
manufacturing strains VS67 (Fim2) and VS377 (Fim3), formulated until 2002 into the
DTwP Alditepera vaccine manufactured by the Institute of Sera and Vaccines in Prague,
were obtained from Sevapharma a.s. (Prague, Czech Republic). The derived genetically
detoxified derivative VS67 3M and VS377 3M strains were generated as described
below. To prepare inocula for liquid cultures, B. pertussis bacteria were first grown on
Bordet-Gengou (BG) agar plates (Difco, USA) supplemented with 1% glycerol and 15%
defibrinated sheep blood (LabMediaServis, Jaromer, Czech Republic) at 37°C in a 5%
CO, atmosphere for 72 h to visualize hemolysis of isolated colonies. Liquid cultures for
mouse infection experiments were obtained by growing B. pertussis Tohama | strain
CIP 81.32 overnight in modified Stainer-Scholte medium (SSM) (69) supplemented
with 3 g/L casamino acids and 1 g/L heptakis-(2,6-di-O-dimethyl)-B-cyclodextrin until
mid-exponential phase (B. pertussis ODggp ~1.0) at 37°C. Liquid cultures for formulation
of the experimental wP vaccines were grown in the here-modified Verwey medium,
named here BioR, which is buffered with 5 mM HEPES-Na to pH 7 and contains 14 g/L of
casamino acids (Difco), 1 g/L of dissolved starch, 1.03 mM KH;POy, 2.68 mM KCl, 51 mM
NacCl, 1,48 mM MgCl,, 2.04 mM CaCly, 1.98 uM FeSOg4, 57 pM L-cysteine and 0.16 mM
nicotinic acid.

Construction of B. pertussis V567 3M and VS377 3M triple mutant strains

B. pertussis VS67 and VS377 triple mutants (3M) were constructed using the allelic
exchange vector pSS4245 kindly provided by Dr. Scott Stibitz (70). Briefly, selected
fragments of chromosomal DNA of approximately 1400 bp in length were amplified by
PCR and inserted into the pSS4245 vector using Notl and BamHI/EcoRl sites, respectively.
The construct pSS4245gdPTxS1 (R9K E129G) contained two codon replacements in the
ptxA gene introducing the R9K and E129G substitutions into the S1 subunit PtxA of
pertussis toxin (37, 38). The construct pSS4245AlgmB contained an in-frame deletion
of codons for the residues L3-G539 of the BP0398-encoded LgmB protein (71). The
construct pSS4245Adnt, contained an in-frame deletion of codons for the residues K3-
P1463 of the DNT protein (71, 72).

To construct the B. pertussis VS67 and VS377 3M strains, the mutations were
introduced sequentially into the chromosome by allelic exchange. First, the mutations
in the ptx gene (R9K E129G) leading to inactive genetically detoxified PT were intro-
duced, then the deletion of the IgmB gene leading to an altered lipid A structure was
introduced and finally the deletion of the dnt gene leading to the absence of DNT. All
suicide plasmid constructs used for chromosome mutagenesis were confirmed by DNA
sequence analysis prior to use. Following introduction of the mutations into bacterial
chromosome by marker-less allelic exchange, the respective portions of the chromoso-
mal DNA were PCR amplified and sequenced to confirm the absence of undesired, and
the introduction of the desired mutations/deletions in the ptx, Igm, and dnt loci in the
chromosomes of the resulting VS67 and VS377 3M strains. Production of the genetically
detoxified pertussis toxoid, of FHA and the absence of DNT production, respectively,
were confirmed by western blots (Fig. S1), using specific antibodies for the S1 subunit
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(PtxA) of PT (mouse polyclonal serum, kind donation from Nicole Guiso, Institut Pasteur,
Paris, France), the F1 monoclonal antibody recognizing FHA (kind gift of Camille Locht,
Institut Pasteur, Lille, France) and a mouse polyclonal serum against DNT (73). Absence of
glucosamine modification of the lipid A of LOS due to deletion of the lgmB gene from the
chromosomes of the VS67 3M and VS377 3M strains was kindly verified by tandem mass
spectrometric analysis of extracted purified LOS by Dr. Alexey Novikov (LPS Biosciences
S.A., Orsay, France) as previously described (34-36).

Whole-cell pertussis vaccine preparation

Experimental wP vaccines were prepared from the B. pertussis VS67 and VS377 strains
and from the derived genetically modified 3M mutant derivatives. Working seeds were
plated on BG agar containing 1% glycerol and 15% defibrinated sheep blood and grown
for 4 days at 37°C and 5% CO, before the bacteria were harvested and used to inoculate
20 mL of liquid SS medium supplemented with 3 g/L casamino acids to an ODggg =
0.2. Liquid culture inocula were grown for 22 h at 37°C with rotary shaking at 160 rpm
until exponential phase and used to inoculate 60 mL of culture medium to ODggg = 0.2.
The cultures were grown for 22 h at 35°C with shaking (160 rpm) until late exponential
phase (ODgpg = 1.2-1.4). Alternatively, bacterial suspensions for vaccine preparation
were grown under the same culture conditions in the BioR medium (defined above).
Bacterial cells were chemically inactivated by addition of formaldehyde to 0.16% (wt/vol)
with shaking at 37°C for 24 h, followed by 3 days of incubation at 4°C. Inactivated
cells were collected and washed three times in phosphate-buffered saline (PBS) using
centrifugation at 4.800 x g for 20 min. Vaccine suspensions were formulated with AI(OH)3
(as adjuvant, final concentration 0.62 mg/mL) and diluted in PBS to a final concentration
of 32 I0U/mL and stored until use at 4°C. Prior to immunization, the vaccines were mixed
in a 1:1 ratio (VS67 WT : VS377 WT or VS67 3M : VS377 3M) and the suspensions were
further diluted in PBS to the final vaccine concentrations corresponding to 1/4, and 1/2
human dose (HD) per 0.5 mL, respectively.

Mouse immunization and intranasal infection

Female 5-week-old BALB/c mice (Harlan, The Netherlands) were divided into groups of
six animals and housed in cages under specific pathogen-free conditions. Mice were
immunized intraperitoneally on day 0 with 500 pL of vaccine (WT wP or 3M wP)
containing 1/4 HD (prepared as described above) and boosted 14 days later with the
same vaccine. Mice in the control group received 500 pL of PBS containing alum [0.208%
(wt/vol) AI(OH)3]. Three weeks after the second dose the mice were anesthetized by
intraperitoneal (i.p.) injection of ketamine (80 mg/kg) and xylazine (8 mg/kg) in 0.9%
saline and inoculated intranasally with a challenge dose of ~1.5 x 10° CFU of B. pertussis
strain Tohama | (CIP 81.32) in 50 pL delivered in two aliquots of 25 L per nostril. Six
BALB/c mice per group and time point were sacrificed at 2 h and on days 3, 5, and
7 post challenge. Lung tissue was collected aseptically and homogenized in 2 mL PBS
with tissue grinder (Heidolph mechanical stirrer RZR 2020, Merck, Darmstadt, Germany).
Lung homogenates were serially diluted in PBS, plated onto BG agar and CFUs were
enumerated after incubation for 5 days at 37°C in 5% CO; humidified atmosphere.
Two-way test ANOVA followed by Sidak’s multiple-comparison test was used to analyze
statistical significance between groups. *P < 0.05; ****P < 0.0001.

Mouse weight gain toxicity test (MWGT)

The combined mouse toxicity test was performed as described (74) following the WHO
technical report series Annex 6 (WHO /IVB/11.11, 2013) recommendations. Briefly, 0.5 mL
of the WT wP or 3M wP vaccines (1/2 HD), or PBS with alum [0.208% (wt/vol )AI(OH)s]
used as control, were applied intraperitoneally to female BALB/c mice (14-17 g). Before
immunization, mice were randomly divided into groups of 6 animals per cage and
weighed individually. The mice were checked daily at 4 pm and weighed again on days
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3 and 7 after immunization. The vaccine passed the test if after 72 h from application
the total weight of the group was not less than the initial weight and at the end of the
seventh day, the mean weight gain of the group was not less than 60% of the mean
weight gain of the PBS control group and more than 95% of the animals immunized with
the sample survived.

Pyrogenicity test in rabbits

The impact of vaccine application on body temperature of rabbits was evaluated
as described (41) on a contractual basis by Imuna Pharma a.s. (Sarisské Michalany,
Slovakia). Body temperature was continuously recorded every 10 minutes using
implanted temperature data loggers (DST micro-T, Star-Oddi, Iceland) for 3 days prior
vaccination and for 3 days after vaccination according to the Imuna Pharma protocol
545.020-1. Circadian body temperature oscillations were assessed for each rabbit from
the recordings over a period of 3 days before immunization. At 8:30 am the groups of
four female rabbits (2-3 kg) received subcutaneously (intramuscularly) 1 HD of the WT
or 3M wP vaccines in 0.5 mL, or PBS with alum [0.208% (wt/vol) Al(OH)s] as control.
Rabbits were euthanized 3 days after immunization, data loggers were extracted, and
temperature recordings were read. Body temperature data points were used to calculate
the moving average body temperature with a window of 4 h moving in 10 min intervals.
Four pyrogenicity assessment experiments with groups of four animals per vaccine were
performed and body temperature data from 16 animals immunized with the WT wP
vaccine and 15 animals immunized with the 3M wP vaccine were pooled to calculate
the mean body temperature curves with error envelopes of data points. The temperature
response (ATb) was quantified for each rabbit as the difference between the mean Tb in
the 6-14 h post-injection interval and the baseline Tb, defined as the mean Tb from -2
to 0 h prior to immunization. Mean ATb values were calculated for each rabbit and each
treatment group (WT, 3M, and PBS + Alum). Two-way test ANOVA followed by Sidak’s
multiple-comparison test was used to analyze statistical significance between groups. *P
< 0.05; ****P < 0.0001.

Determination of B. pertussis-specific antibodies

Three weeks after application of the second vaccine dose blood of five mice per group
was collected from anesthetized animals by retroorbital puncture. Serum was collected
at 5,000 x g for 10 min at 8°C, stored at —80°C until use and B. pertussis-specific anti-
body levels were determined by whole-cell ELISA as previously described (42). Briefly,
ThermoFisher NUNC Maxisorp plates were coated by evaporation of 100 L per well of
B. pertussis suspension diluted to ODggq of 0.025 in PBS overnight at 37°C without plate
lid. The wells were rinsed, blocked with 120 pL per well of 1% BSA in PBS and probed
with 1:10 serially diluted sera, starting with a dilution of 1:10 in PBS of control mouse
sera and 1:100 dilution for wP-vaccinated mouse sera. After repeated washing with
the blocking solution, the bound serum antibodies were detected with a horseradish
peroxidase-labelled secondary antibody using OPD and H,05 as colorimetric substrate.
Plates were read at 492 nm. For titration of total IgG, sheep anti-mouse antibody (GE,
clone NA931V) was used at a dilution of 1:3,000. For the titration of IgG1 isotype, a
goat anti-mouse antibody (Invitrogen, cat. no. A10551, polyclonal) was used at a dilution
of 1:1000 and for titration of the IgG2a isotype antibody, a goat anti-mouse antibody
(Abcam, cat. no. ab97245, polyclonal) was used at a dilution of 1:50000. Antibody titers
were calculated from the inflection points of the titration curves.

Cytokine production by restimulated splenocytes

Spleens of five BALB/c mice per group were collected 3 weeks after the second
vaccine dose, gently disrupted by passage through a 70 um strainer. The obtained
cellular suspensions were cleared of erythrocytes by treatment with ammonium chloride
potassium, washed twice, and cultured in RPMI-1640 medium containing L-glutamine
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and supplemented with 10% FCS, 1% penicillin, and 1% streptomycin at a cell count
of 1 x 10° cells/well in 96-well flat-bottomed tissue culture plates. Splenocytes were
stimulated with 1 x 107 heat-killed (30 min, 56°C) B. pertussis Tohama | bacteria (MOI
1:10) in a total volume of 200 pL per well. PBS and phorbol myristate acetate plus
ionomycin (PMA/ionomycin) (eBiosciences) were used as negative and positive stimulus
controls, respectively. Cultures were incubated at 37°C, in 5% CO;, and 90% humidity
atmosphere for 72 h. Cell viability was assessed before and after incubation by trypan
blue exclusion assay. Levels of the IL-1(3, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17, TNF-q, and IFN-y
cytokines were determined in the supernatants of stimulated splenocyte suspensions
using R&D Systems ELISA kits (Thermo Fisher Scientific) according to the manufacturer’s
instructions.

Statistical analysis

Statistical analysis was performed using the algorithms included in the GraphPad Prism
10 package. Two-way analysis of variance (ANOVA) followed by Sidak’s multiple-compari-
son tests were used to analyse statistical significance between groups. P values of less
than 0.05 were considered statistically significant. *P < 0.05; **P < 0.01; ***P < 0.001; ****P
< 0.0001.
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